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Abstract 
The miniaturisation of Solid Oxide Fuel Cells (SOFCs) to micro (u)-SOFCs in recent 
years has led to the implementation of metallic and ceramic thin film membranes less 
than one micron thick for cell components such as anodes, cathodes, electrolytes and 
current collectors. 
Electrochemical processes (particularly the oxygen reduction reaction) occurring at 
the SOFC cathode are regarded as the primary inhibitor to cell performance. The 
reduction in operating temperature to less than 600°C for portable device 
applications reduces the reaction kinetics further. Silver (Ag) was used as a potential 
low-temperature cathode material for R-SOFCs in this work due to its known oxygen 
permeability and high electrical conductivity. Ag films approximately 100 nm thick 
were thermally unstable at temperatures as low as 250°C. A dewetting process 
occurred via the surface self diffusion of Ag to uncover the substrate and reduce the 
overall energy of the system. 
The oxygen reduction reaction occurring at lanthanum strontium cobalt iron oxide 
(La0.6Sr0.4C00.2Fe0.803.8 or LSCF) SOFC cathodes was investigated using patterned 
LSCF thin films. 	LSCF was deposited via pulsed laser deposition and 
photolithographically patterned to produce geometrically well-defined micro-
cathodes. 
The electrical conductivity of as-deposited and etched LSCF thin films was 
determined. A maximum conductivity of 5700 Snil was measured in air, however 
degradation in performance occurred upon the temperature cycling of LSCF films 
subjected to a photolithography and etching process. Electrochemical impedance 
spectroscopy (EIS) was employed to determine the area specific resistance (ASR) of 
the patterned LSCF thin film cathodes between 350°C and 500°C. A non-linear 
relationship between the exposed surface area of LSCF and the polarisation 
resistance was observed with the oxygen surface exchange reaction remaining rate-
limiting down to 350°C. 
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hour and 15 hours at 550°C. 
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focussed on the Ag(111) peak, with the Ag(111) and Ag(200) peaks shown inset. A 
reference spectra for an Ag thin film is also shown for comparison (Straumanis 
[182]). 
Figure 4.6: Grain size as a function of temperature with the total number of grains 
per sample area, measured at each temperature for Ag films (820 nm thick as-
deposited) deposited in cycle C. 
Figure 4.7: Grain size as a function of temperature for as-deposited Ag films 300 and 
820 nm thick (a). Grain size as a function of time at 300 and 550°C for as-deposited 
Ag film thickness 820 nm (b). 
Figure 4.8: Void formation at a triple junction with arrows indicating the directions 
in which grain boundaries are likely to migrate. 
Figure 4.9: Evolution in Ag surface morphology for 100, 300 and 820 nm thick films 
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Figure 4.11: Schematic representation of a hole in the Ag thin film (a). The hole 
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at 550°C for 1 hour is shown in (b). 
Figure 4.12: Void area and void density as a function of anneal time at 550°C for 820 
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(within ref. [177]) and Rhead [189] (within ref. [185]), surface self-diffusion data of 
Au from Beszeda et al. [187] and bulk volume diffusion data of Ag from Tomizuka 
and Sonder [190]. 
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Figure 4.15: Surface view of Ag islands after annealing a 100 nm thick (as-
deposited) film at 550°C for 15 hours (a). FIB section of an individual island, 
protected by Au and Pt is shown in (b). 
Figure 4.16: Schematic diagrams illustrating wetting conditions (a) and non-wetting 
conditions (b) with surface tensions shown in (a). 
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thick Ag films annealed for 1 hour, comparing the microstructure at 250°C and 
550°C. 
Figure 4.19: Island size distribution for Ag films deposited in cycle A (100 nm thick) 
and annealed at 300 and 550°C, each for 1 and 15 hours (a — d). 
Figure 4.20: Structure predominance map for Ag thin films deposited on single 
crystal YSZ substrates. `x' denotes data obtained from all samples (including 
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Figure 5.1: Surface view SEM images of as-deposited Ag films 100 nm and 290 nm 
thick in (a) and (b) respectively with their fracture cross-sections shown in (c) and 
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Figure 5.2: FIB section of a LSCF thin film on a YSZ substrate. Dark contrasting 
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Figure 5.3: SEM fracture cross-section of a LSCF thin film exhibiting dual growth. 
Figure 5.4: XRD spectra of as-deposited LSCF thin films 100 and 870 nm thick on 
single crystal YSZ, with peak positions from Beckel et al. [193] and Baumann et al. 
[70] superimposed. 
Figure 5.5: XRD spectra of a LSCF thin film taken in the as-deposited state and after 
annealing at 600°C for 4 hours. 
Figure 5.6: SEM images comparing LSCF surface microstructures before and after 
annealing for 100 nm (a & b) and —300 nm (c & d) thick films. The average grain 
size in (a) and (b) is 45 nm and 80 nm, respectively and 66 nm in (c) and (d), 
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Figure 5.7: SEM images of LSCF thin films annealed for 900°C for 4 hours shown in 
(a) and at greater magnification in (b). A backscattered electron image is shown in 
(c) where the contrast between large and small grains may represent a difference in 
orientation. 
Figure 6.1: Schematic representation of the half cell design viewed from above and 
from the side (a). An example of the WE viewed in cross-section is shown in (b). 
Note: the cathode design is shown without the current collection layer in (a) and with 
current collection in (b). 
Figure 6.2: Results of finite element modelling of the electric potential as a function 
of surface position, without (a) and with (b) Au current collection. The horizontal 
stripe arrangement is favourable compared to a vertical arrangement due to increased 
current paths. Note: the symmetry of the design only required one quarter of the 
total, which saved on memory and computation. 
Figure 6.3: Schematic representation of possible oxygen reduction mechanisms in the 
limit of high bulk diffusion of oxygen (a) and low bulk diffusion of oxygen (b). 
Note: the current collector is omitted for clarity. 
Figure 6.4: Schematic illustration of the possible oxygen reduction mechanisms for 
the intermediate state with respect to the two extreme cases considered in Figure 6.3. 
Oxygen reduction may occur over a utilisation distance, /8 (i) and/or via surface 
diffusion of oxygen species to TPBs (ii). 
Figure 6.5: Schematic illustration of the possible oxygen reduction mechanisms in 
the case of Au-capped LSCF. The two extreme cases of high and low bulk diffusion 
are illustrated in (a) and (b), respectively. In the intermediate state oxygen reduction 
may occur over a utilisation distance, 4 that does not change with thickness and/or 
via surface diffusion of oxygen species along the LSCF side wall to TPBs. 
Figure 6.6: Optimisation of the positive photoresist profile for 20 gm wide stripe 
patterns viewed in cross-section on the same substrate. The photoresist profile based 
on standard parameters is shown in (a). The effect of reducing the development time 
and hard bake temperature is shown in (b) and (c), respectively (assuming no change 
in other parameters). The optimised photoresist profile is shown in (d) with a contact 
angle of 75°. 
Figure 6.7: Optimisation of negative photoresist profile for 10 gm wide Au stripe 
patterns viewed in cross-section on the same substrate. The photoresist profile based 
on standard parameters is shown in (a), with the corresponding lifted-off Au film in 
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Figure 6.8: SEM image of —450 nm thick LSCF film wet-etched for 1.5 min shown 
in cross-section with the protective photoresist mask pattern in (a) and after removal 
of the photoresist, shown in top view in (b). Note partial etching of LSCF is shown 
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Figure 6.9: FIB section of a LSCF stripe edge profile after dry etching and annealing 
at 500°C for 4 hours (a). Redeposited photoresist/LSCF extending 750 nm from the 
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7, 8 and 9 are shown in (a), (b) and (c), respectively. 
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Figure 7.1: Au thin film deposited on LSCF on a single crystal YSZ substrate. 
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temperature profile superimposed. Note: two measurement cycles taken in a 
continuous fashion are shown. 
Figure 7.3: SEM image of Au grains after two temperature cycles up to a maximum 
temperature of 500°C. Note: as-deposited Au grains were less than 50 nm in 
diameter. 
Figure 7.4: Electric conductivity of LSCF thin films 220 nm thick, deposited through 
a shadow mask and 290 nm thick, produced via photolithography and etching in (a, 
b) and (c, d) respectively during cooling at 3°C/min over two temperature cycles. 
Both films were deposited on single crystal YSZ substrates. Activation energies 
were calculated from the data obtained at 350°C and lower, where a better fit was 
obtained. Comparison to bulk LSCF [144], thin film LSCF [202] and 'ultra-thin' 
film LSCF [141] is also shown. 
Figure 7.5: FIB-SIMS positive mass spectra for processed (via photolithography and 
etching) and unprocessed (deposited through a shadow mask) LSCF thin films after 
measurements were taken. Note: the spectra are indistinguishable from each other. 
Cobalt oxide is not observed due to the low compositional yield (20%). 
Figure 7.6: High resolution SEM images of LSCF subjected to photolithography and 
etching (a) and deposited through a shadow mask without further processing (b) after 
electric measurements were conducted at elevated temperature. Note: the surface 
views in (a) and (b) show LSCF grains with 'nano-grooves' or ridges, which is 
previously unseen in the literature to the best of the author's knowledge. 
Figure 8.1: General temperature profile for AC electrochemical impedance 
measurements. Data points along isotherms correspond to the start of a measurement 
sweep lasting approximately 40 minutes, after an initial 30 minutes allowing the 
temperature to stabilise. 
Figure 8.2: The LSCF working electrode overpotential as a function of the current 
density for two electrodes of similar area, differing in 17pB. The EIS electrode 
response of cathode 1 is shown inset for comparison. 
Figure 8.3: LSCF working electrode overpotential-current density characteristic, 
linearly fitted for V< 50 mV. 
Figure 8.4: The two cases for current constriction (discussed in the text) (a) close to 
the electrode/electrolyte interfaces (I) and (b) close to the TPBs (II) illustrated by 
equipotential lines. Figure reproduced from [31]. 
Figure 8.5: Tafel plot of two patterned La0.6Sr0.4C00.2Fe0.803 cathodes indicating the 
intersection of the AV=0 axis by the equation of best-fit line in each case, where io=i. 
Figure 8.6: Equivalent circuit adopted for the LSCF electrode on single crystal YSZ 
electrolyte (02/electrode/YSZ). RHF represents the finite YSZ electrolyte resistance 
with capacitance CHF. RMF, RLF and RuLF represent resistances due to LSCF electrode 
processes at medium frequency, low frequency and ultra low frequency, respectively, 
with corresponding constant phase elements QMF, QLF and QULF. 
Figure 8.7: Nyquist plot showing the impedance of cathodes 10 and 11 which differ 
only in Au lipB. The peak frequencies of the dominant electrode response are shown. 
The solid lines are the result of equivalent circuit fitting. 
Figure 8.8: The ASR of the total electrode response (RT ) as a function of reciprocal 
temperature for cathodes 10 and 11. Linear fitting for the determination of activation 
energy EA was applied to data points where AV--I measurements were taken. 
Figure 8.9: Schematic diagram of the cross-section of cathodes 10 and 11 illustrating 
the difference in Au-to-Au separation, resulting in an increased LSCF electrical 
conduction path, represented by arrows. 
Figure 8.10: Nyquist plot comparing impedance spectra of nominally identical 
patterned LSCF cathodes with and without Au current collecting stripes patterned 
centrally along LSCF stripes. Fitting of data points at ultra low frequencies, ULF 
(i.e. with peak frequency < 0.01 Hz) was not possible due to the minimum frequency 
of 0.01 Hz produced by the FRA. The cathode area and trpB relate to that of the 
LSCF when Au current collection is and is not applied. 
Figure 8.11: Top-view SEM micrograph of a typical Au stripe edge on LSCF after 
EIS testing (a). The red box corresponds to the region of the sample where EDX 
mapping was performed, with the corresponding Au map shown in (b) with white 
pixels corresponding to an Au signal. 
Figure 8.12: Tilted cross-sectional SEM micrograph of a typical Au stripe on LSCF 
after EIS testing. FIB damage due to over sputtering of the Au layer occurred during 
data acquisition. A Pt protective layer was applied in-situ to protect the Au during 
the sectioning. 
- XX - 
Figure 8.13: Series of electrode impedance arcs measured after changing the 
atmosphere as indicated (between 1 and 5). Peak frequencies of impedance arcs are 
tabulated. The difference in time between the first (1) and last (5) impedance arcs 
measured was approximately 5.8 hours. 
Figure 8.14: Top-view SEM image of the LSCF surface after EIS atmospheric 
cycling (a) and as-deposited in (b). 
Figure 8.15: Top-view SEM image of a single LSCF/Au stripe after EIS atmospheric 
cycling (a) with Au and LSCF stripe edges shown in (b) and (c) (tilted), respectively. 
Baked photoresist/re-deposited LSCF 'crust' extends —1 gm from the LSCF stripe 
edge. 
Figure 8.16: Comparison of complete impedance spectra taken at —400°C during 
heating to 500°C and at —400°C during cooling, approximately 4 hours later. Peak 
frequencies are shown for each impedance arc with solid lines representing results of 
equivalent circuit fitting to the electrode response. 
Figure 8.17: SEM micrographs taken at 100,000 times magnification of the LSCF 
surface microstructure for cathodes 4 (a), 5 (b) and 6 (c) after comparative EIS 
testing. 
Figure 8.18: Nyquist plot of samples with different LSCF patterned areas measured 
at 500°C. Fitting for the electrode response is represented by solid lines. LF and 
ULF peak frequencies are shown in the main plot. A low impedance MF electrode 
response is shown inset with the associated peak frequencies. Note: depressed MF 
arcs were fitted with n values -- 0.6 - 0.7. 
Figure 8.19: Arrhenius plot of RHF for half cells with working electrodes/cathodes 4, 
5 and 6 and associated activation energies, EA. 
Figure 8.20: Arrhenius plot of the total ASR, RT for patterned LSCF with working 
electrodes/cathodes 4, 5 and 6 and associated activation energy, EA. ASR values 
obtained by Beckel [80] on La0.6Sr0.4Coo.2Feo.803_8 thin films deposited by PLD and 
spray pyrolysis (SP) are shown for comparison. 
Figure 8.21: Arrhenius plot of RT as a fraction of the LSCF/02 interfacial area for 
half cells with working electrodes/cathodes 4, 5 and 6. Impedance data at lower 
temperatures becomes increasingly scattered as conductivity decreases and results in 
larger fitting errors. 
Figure 8.22: Arrhenius plot of RMF for half cells with working electrodes/cathodes 4, 
5 and 6 with the corresponding EA values shown. Data from Baumann et al. [65], 
utilising 100 nm thick electrodes produced by PLD and Xiong et al. [215], utilising 
50 nm thick electrodes produced by sputtering (SPT) is shown for comparison. 
Figure 8.23: Arrhenius plot of RLF for cathodes 4, 5 and 6 with the corresponding EA 
values shown. Data from Baumann et al. [65], and Xiong et al. [215] is shown for 
comparison. Circled data points correspond to values of RLF determined by fitting 
the electrode response at MF, LF and ULF. 
Figure 8.24: Arrhenius plot of chemical capacitance, Cchem for half cells with 
working electrodes/cathodes 4, 5 and 6 with corresponding EA values shown, along 
with literature data for comparison [65]. 
Figure 8.25: Peak frequencies of the LF response as a function of reciprocal 
temperature for cathodes of varied LSCF area between 350 and 500°C. 
Figure 8.26: ASR corresponding to the fitted ULF feature for half cells with working 
electrodes/cathodes 4, 5 and 6. ASR values at LF are shown from Baumann et al. 
[65], and Xiong et al. [215] for comparison. 
Figure 8.27: Temperature dependence of RLF fitted using a single RQ pair with 
literature data from Baumann et al. [65] and Xiong et al. [215] shown for 
comparison. 
Figure 8.28: Temperature dependence of Cche„, fitted using a single RQ pair with 
literature data from Baumann et al. [65] shown for comparison. 
Figure 8.29: ASR as a function of LSCF active area i.e. LSCF-gas interfacial area, 
between 345 and 503 ± 1°C. 
Figure 8.30: Relative percentage difference in ASR between cathodes 4 and 6 as a 
function of temperature. 
Figure 8.31: Comparison between k calculated from RLF obtained via AC 
electrochemical impedance spectroscopy and k* determined from isotope exchange 
depth profiling experiments (P02 = 1000 mbar) [207]. 
Figure 8.32: FIB images (SEM mode) showing the patterned LSCF stripe edge 
profiles of cathode 7 (470 nm thick) (a), cathode 8 (290 nm thick) (b) and cathode 9 
(125 nm thick) (c). A 'crust-like' material along surface edges of patterned stripes 
can be seen for cathode 8 in (b); whereas the crust exists on the sidewall and surface 
of patterned stripes belonging to cathode 9 (d). A step-like edge profile is evident in 
(a) extending up to 2.5 gm from the stripe edge, whereas over etching of the YSZ 
substrate to a depth of approximately 35 nm is indicated in (c). In all cases, voids (-
50 nm) at the Au/LSCF interface are present. 
Figure 8.33: Schematic diagram illustrating how Ar+ ions used in the sputter etch 
process may eject material at shallow angles onto LSCF sidewalls. 
Figure 8.34: Partial impedance spectra for cathodes 7-9 of different thickness but 
equal /TPB  and interfacial area, measured at 500°C. The equivalent circuit fit is 
represented by solid lines. MF and LF arc peak frequencies are shown although the 
full frequency range is not shown for clarity. 
Figure 8.35: Arrhenius plot of the MF responses of cathodes 7-9 with average 
activation energy, EA = 1.34 ± 0.1 eV with literature data shown for comparison 
from Baumann et al. [65] and Xiong et al. [215]. 
Figure 8.36: Arrhenius plot of the LF features of cathodes 7-9 with average 
activation energy, EA = 1.07 ± 0.08 eV with literature data shown for comparison 
from Baumann et al. [65] and Xiong et al. [215]. 
Figure 8.37: Schematic illustration of an Au-capped LSCF stripe with a step-like 
edge profile. Oxygen surface exchange at position (i) occurs at a region of reduced 
LSCF thickness, where the bulk diffusion length is shorter compared to at position 
(ii). 
Figure 8.38: Schematic illustration of three ideal Au-capped LSCF stripes with 
constant stripe width, w and variable thickness h, where hi<h2<h3. 
Figure 8.39: Impedance spectra comparing impedances of cathode 1 at 550°C before 
biasing, at 10 mV and 30 mV excitation voltages and after biasing at 0.7 V for 40 
min. at the same temperature. Tabulated ASR and capacitance values are shown 
inset. 
Figure 8.40: Arrhenius plot showing RIF as a function of inverse temperature before 
and after biasing compared to unbiased values for RJF reported by Baumann et al. 
[65] and Xiong et al. [215]. 
Figure 8.41: SEM images of Au stripes after EIS testing for unbiased cathode 2 (a) 
and biased cathode 3 (b) with the alignment mark belonging to cathode 3 shown in 
(c). See text for explanation. 
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Only the connection to the outer Ag frame remains. 
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Introduction 
A general introduction to conventional fuel cell and micro fuel cell technology is 
provided in this chapter, with a particular emphasis on the Solid Oxide variety. An 
overview of the research taking place on the development of micro-solid oxide fuel 
cell (11-SOFC) technology for portable devices is then discussed, addressing the 
requirements of cathodes, particularly for pt-SOFCs. A brief introduction on the use 
of micro patterned electrodes in SOFC cathode research is then presented with an 
outline of the thesis objectives. 
With the focus of this thesis being on micro patterned cathodes for such pt-SOFCs, a 
full literature review on this is provided in Chapter 2. 
1.1 	Fuel Cell Technology 
A fuel cell is an electrochemical conversion device; whereby the chemical energy 
stored in the fuel is directly converted to electrical energy and high energy efficiency 
and low environmental impact are some of the benefits [1]. 
The fuel cell concept was born in 1838 by Christian Friedrich Schonbein (1799-
1868) [2] and first realised by Sir William Grove (1811-1896) [3], a British lawyer 
and amateur scientist, but no real research and development took place until almost a 
century later [4]. 
During an electrolysis experiment, Sir William disconnected the battery from an 
electrolyser and connected the two electrodes together. He then observed a current 
flowing in the opposite direction, consuming the gases of hydrogen and oxygen. He 
called the device a 'gas battery' and it consisted of platinum electrodes placed in test 
tubes, immersed in dilute sulphuric acid. The gas battery generated a voltage of 
approximately one volt [4]. 
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Today, there are five main types of fuel cell, as summarised in Table 1.1, where the 
Direct Methanol Fuel Cell (DMFC) is a variant of the Polymer Electrolyte 
Membrane Fuel Cell (PEMFC). Overviews of each fuel cell can be found in the 
literature [1, 4, 5]. Development in the last decade or so has seen the most potential 
for fuel cell applications in transportation, portable power and stationary power 
generation in PEMFC, DMFC and Solid Oxide Fuel Cell (SOFC) varieties 
respectively. Also shown in the table is the range of electrode and electrolyte 
materials used. It is clear that the largest temperature range exists for the SOFC, as 
intermediate temperature operation at 500°C is possible largely due to the use of 
gadolinia doped ceria (GDC) electrolytes with higher ionic conductivity at lower 
temperatures [6, 7]. 
Type Fuel Electrolyte Anode/Cathode 
Operating 
Temp °C 
Power 
Output 
Efficiency 
(%) 
Core 
Applications 
PEMFC H2 (tolerates 
CO2) 
Perfluorosulfonic 
polymer 
membrane 
A: Platinum, C: 
Graphite w/ 
platinum catalyst: 
60-140 5-250kW 40-50 Transportation Space 
DMFC Methanol 
(CH3OH) 
Polymer 
membrane 
As PEMFC + 
ruthenium 30-80 <1kW 40 
Portable 
systems 
AFC Pure H2 
Aqueous 
potassium 
hydroxide 
Porous Ni-based, 
but now Pt/C anode 
and cathode 
80-200 5-150kW 70 
Space missions 
(also providing 
drinking water) 
pAFc H2 (tolerates 
CO2) 
Liquid 
phosphoric acid 
(contained in 
silicon carbide 
matrix) 
Pt-based catalysts 
dispersed on carbon 
based support 
180-200 50kW-11MW 40 
Power for 
decentralised 
stationary power 
systems e.g. 
hospitals 
MCFC 
Natural gas, 
petroleum or 
H2, CO2, CO 
Molten lithium, 
potassium or 
sodium salts 
A: porous Ni-Al or 
Ni-Cr, C: NiO and 
Li20 
650 100kW-2MW 60 Combined heat and power for 
stationary 
decentralised 
systems and 
transportation 
(trains, boats..) 
SOFC Hydrocarbon 
based, H2, CO 
(Solid ceramic) 
Ytt ria stabilised 
ziroonia, YSZ, 
ceria gadolinia 
oxide, CGO 
A: Nickel-YSZ or 
Ni-CGO cermet, C: 
LSM, LSCF 
500-1000 100-500kW (standalone) 50-60 
Table 1.1: Summary of the properties of various fuel cell types in use or under development [1, 8-12] with 
some core applications listed. The SOFC has the largest temperature range since a focus of research in recent 
years has been to lower the operating temperature from approximately 1000°C to 500°C. 
All types of fuel cell are based around the design of an ion-conducting electrolyte 
traditionally sandwiched between an anode (-ve) and cathode (+ve). It is primarily 
the type/composition of the electrolyte, which determines the type of fuel cell. For 
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example the SOFC electrolyte is most commonly an oxygen ion (02-) conductor and 
the PEMFC features a proton conducting (11±) electrolyte. Hydrogen is most 
commonly used as the fuel with oxygen as the oxidant. The basic principle of 
operation is shown in Figure 1.1, assuming such reactants. The current flow is 
illustrated for both anions (SOFC, MCFC, AFC) and cations (PEMFC, DMFC, 
PAFC) [1, 5]. 
The electrodes serve three functions: (i) to warrant a stable interface between the 
reactant gas and the electrolyte, (ii) to catalyse the electrode reactions and (iii) to 
conduct electrons to or from the reaction sites. The electrolyte conducts ionic charge 
between the electrodes, thus completing the circuit in Figure 1.1. It also acts as a 
physical barrier to prevent the fuel and oxygen gas streams from interacting, 
depending on the FC type [5]. 
Load 
2. 
Anode 	 C 	e 
Electrolyte 
ton Concluctorj 
Figure 1.1: Schematic representation of a generic fuel cell showing the 
reactant/product gases and the direction of ion conduction (adapted from 
[1]). 
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1.2 	The Solid Oxide Fuel Cell (SOFC) 
As mentioned in the previous section, the SOFC variety has the largest range of 
operating temperatures and is in the same high-temperature category as MCFCs. 
However, it has received more attention due to high efficiency and fuel flexibility 
[13]. 
Traditional SOFCs use a solid ceramic electrolyte usually made from YSZ (yttria 
stabilized zirconia) i.e. zirconium oxide stabilised with yttrium oxide (Zr02 doped 
with an adequate amount of Y203 e.g. 9.5 mol% Y, to stabilize it in a cubic 
crystalline (fluorite) structure, whilst maintaining good mechanical strength), which 
gives an oxygen ion conductivity, around 0.015 Scnil at 700°C (thickness 22 gm) for 
a target area specific resistance (ASR) of 0.15 Ocm2 [14]. However scandia-
doped/stabilised zirconia (ScSZ), ceria gadolinia oxide (CGO) and samaria-doped 
ceria (SDC) electrolytes offer high levels of conductivity at reduced temperatures. 
Traditional electrodes comprise of lanthanum strontium manganate (LSM) cathodes; 
LaMnO3 doped with SrO and nickel cermet anodes, i.e. a fine mixture of metallic 
nickel and ceramic YSZ. These two porous electrodes sandwich the electrolyte. 
However the reduced operating temperature leads to poor kinetics for oxygen 
reduction at the cathode. Today, the result of materials development has seen the use 
of mixed ionic electronic cathodes (which conducts both 02- and e-) such as 
lanthanum strontium cobalt iron-oxide, Lai,Sr,Coi_yFey03.6 (LSCF) in SOFCs, 
particularly promising with CGO electrolytes [15]. This introduces bulk ionic 
transport and 02 is reduced to 02 over a larger portion of the cathode surface, 
extending the active region, improving kinetics at temperatures less than 800°C [16]. 
As air enters and flows along the cathode, an oxygen molecule gains electrons (that 
have traversed an external circuit) from the cathode on contacting the 
cathode/electrolyte interface. This oxygen anion diffuses into the electrolyte material 
and migrates to the other side of the cell via a vacancy-hopping mechanism [17], 
where they meet the anode. On contacting the anode the anions encounter the fuel 
(usually a mixture of hydrogen and carbon monoxide or methane gas) at this 
anode/electrolyte interface and react catalytically to give off water, carbon dioxide, 
heat and electrons. SOFCs allow the internal reformation of a wide range of fuels 
including hydrocarbon fuels such as natural gas and petroleum that can be used 
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directly. The cells are resistant to carbon monoxide poisoning as this is readily 
oxidised to produce carbon dioxide (as shown in the second line of Equation 1.1) and 
are also resistant to most impurities. In addition to this they are also tolerant of 
short-circuiting and to overloads. 
Anode: 2H2 + 202" —4 2H20 + 4e or 
2C0 + 202" 2CO2 + 4e or 
CH4 + 402- —÷ 2H20 + CO2 + 8e- 
Cathode: 02 + 4e- —> 202" 
  
  
 
Equation1.1 [5] 
 
  
This is a large advantage that SOFCs have over other low-temperature cells such as 
PEMFCs, which require pure hydrogen or an external reformer. This makes them 
particularly attractive for the immediate future where there is no current hydrogen 
infrastructure in place and no effective means of reversibly storing hydrogen that 
meets all requirements. 
1.3 	Miniaturisation of Portable Electronics 
With the recent advance in the field of micro- and nano-scale fabrication, portable 
electronic devices are becoming smaller and smaller with increasing power 
requirements as functionality increases. As a result there is a demand for power 
sources that can meet these requirements [18]. For example, the power source must 
yield adequate power for the intended device yet also maintain criteria such as small 
volume and lightweight packaging. The problem is how to reduce the size of the 
power source whilst maintaining and increasing the power output without 
compromising performance. 
Another key requirement is that of long operating times and rapid recharge times. In 
many current portable electronic devices, the power source is the weakest point of 
the system with unsatisfactory operating times of 4 to 5 hours rather than 7 to 8 hours 
in laptops for example [19]. For the purpose of this work, portable power devices are 
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described as those in the power range of a few mW to 50 W but micro-fuel cells for 
devices outside of this power range e.g. p.W may still be utilised. However, it is 
often the size of the device that largely dictates the size of the power source that can 
be accommodated. One can therefore expect to see fuel cells for portable devices to 
be device specific i.e. optimally designed to meet the requirements of different 
devices. In addition to this, the fuel cell system will require some form of power 
management, respective to the electronic device. The profile of the electronic load of 
electronic devices is not constant and the fuel cell system must be able to 
accommodate the change in power demand. This is particularly true of mobile 
phones that require mW in stand-by mode, short pulses of higher power demand for 
contacting cell sites i.e. transmitting/receiving, and 2-5 W during talk-time with 
additional pulses [20]. Initially, a solution might be a fuel cell/battery hybrid system. 
One could utilise fuel cells for the average power requirements and continuously 
charge the Li-ion battery, which deals with the dynamic (peak) power demand [21]. 
1.4 	Batteries vs. Micro-Fuel Cells 
The main advantage that micro-fuel cells offer in comparison to batteries is that of 
potentially greater energy density and longer operating times. This is particularly 
true of the range of cheap hydrocarbon fuels that can be utilised by the solid oxide 
variety. In addition to this the fuel or energy carrier is not a part of the power source 
itself and as demonstrated by some DMFC systems, the fuel can be conveniently 
stored as a liquid. So long as there is a continuous supply of fuel, the fuel cell will 
produce power within the lifetime of the cell, which is an important issue. Thus 
there is no need to recharge in the traditional sense (via passing a current through the 
battery in reverse), as is the case of secondary batteries such as Ni-mH, Ni-Cd and 
Li-ion, the latter of which is the most developed battery for portable devices today 
[18]. However the micro-fuel cell will have to compete with the rechargeable battery 
in terms of cost, operating time, lifetime and output power. 
The inconvenience and cost of replacing primary batteries naturally leaves the 
secondary batteries discussed as the main competitors to fuel cells for portable 
applications. However the improved performance offered by primary batteries 
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means that micro-fuel cells are unlikely to compete with them since the cost 
component would be too high. Realistically the products that can use Ni-Cd or Ni-
MH batteries are not likely to be threatened by micro-fuel cells initially, again due to 
cost. It is the high-cost premium Li-ion and Li-polymer batteries that fuel cells 
compete with, at least initially [18]. The development of Li-ion batteries was largely 
for mobile phone applications and not for all portable electronic devices across the 
market. Indeed, Ni-MH and Ni-Cd batteries are still being used elsewhere and were 
not replaced. 
The U.S Department of Energy (DOE) has devised a set of micro fuel cell 'targets' 
for 2010 [21, 22]. Assuming this is for the fuel cell system, it outlines that both the 
specific power (W/kg) and power density (W/1) needs to more than triple from 30 
W/kg and 30 W/1 in 2006 to 100 W/kg (W/1) in 2010. In addition, there is a call to 
double the energy density from 500 Wh/1 in 2006 to 1000 Wh/1 in 2010 and the 
lifetime must be increased fivefold to 5000 h. These figures may be based on current 
DMFC efficiencies of approximately 20-30% based on methanol fuel. With the 
maximum theoretical volumetric energy density (in watt-hours per litre, Wh/l) of 
methanol being 4780 Wh/1 [23] compared with 200 — 310 Wh/1 for some 
rechargeable batteries, the potential of micro-fuel cells as an energy source is clear 
[21]. The potential advantage of using a SOFC is that higher order hydrocarbon 
fuels with an energy density approximately twice that of methanol can be utilised 
[24]. 
1.5 	The Micro-SOFC 
The It-SOFC system as a whole can be described with several basic components [25]. 
These consist of: (i) the electrochemical stack comprising of the electrodes, 
electrolyte, and micro-flow field channels to supply and remove reactant, oxidants 
and products. This is the core of the system. (ii) The fuel storage compartment and 
fuel processing system. The storage medium depends on the type of fuel used, its 
phase i.e. liquid or gas and possibly the intended application. Fuel processing is 
necessary to ensure that only the fuel tolerated by the cell is processed by it and 
might include a reformer. 	(iii) The conventional balance of plant (BOP) 
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components. In larger cells these usually consist of a reformer, pumps, fans and 
valves to supply and remove or treat fluids. 
An ongoing project called the 'OneBat' project aims to manufacture a complete 
micro-SOFC system. In this case the aim is to produce an external power solution 
for numerous devices, widening the market potential. The system architecture is 
shown in Figure 1.2. 
A Electric Power 
Air 
Exhaust 
Heat flow 
Figure 1.2: Schematic diagram of the system architecture envisaged by the partners 
involved in the OneBat project [26, 27]. All single elements are integrated to form a 
working u-SOFC. Internal elements that make up the system consist of the PEN element 
(positive electrode — electrolyte — negative electrode), the gas processing unit and 
`bought-in' products such as the system control unit. Insulation only surrounds the hot 
module i.e. the fuel cell itself and the heat exchanger. The aim is to maintain an external 
temperature of less than 35°C [28]. 
1.5.1 Miniaturisation of SOFCs 
Until quite recently, the term 'micro-fuel cell' (Et-FC) has been used quite loosely in 
the literature covering a power range of approximately a few mW to 50W. However, 
small fuel cells for portable applications have been demonstrated for quite some 
time, particularly the DMFC variety for laptop computers and mobile phones [29]. 
But these have tended to be quite large, taking up considerable space of the device or 
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even located externally. This is not in essence what the name 'micro-fuel cell' 
implies. There has not been such effective scaling of fuel cell systems commercially 
demonstrated for power applications in the 1W to 20W range [30]. As a result there 
is renewed research on the development of micro fuel cells for applications in the 
mW range, offering the possibility of integration with microfabricated integrated 
circuits (IC). Fleig et al. define micro-SOFCs as 'solid oxide fuel cells usually based 
on silicon substrates with lateral dimensions in the millimetre or sub-millimetre 
range' [31]. 
It is interesting to note that as with the development of most new technologies, the 
former technology has a tendency to 'fight back'. By this, batteries have seen a 
similar miniaturisation in the form of 'micro-batteries' [32]. These are thin-film Li-
ion batteries with the maximum expected energy density of 560 WW1 for three 
dimensional architectures [33, 34]. 
The scaling down of g-SOFC systems depends upon the methods used for 
miniaturisation. Many microfabrication approaches have been investigated, such as 
techniques used for silicon ICs and MicroElectroMechanical Systems (HEMS) [24]. 
The micrometre scale is the standard length scale in Si IC fabrication. Such 
techniques allow the reduction of the cell dimension by six orders of magnitude from 
millimetre to nanometre in thickness and three orders of magnitude from millimetre 
to micrometre in size. This can reduce ohmic and transport losses (via a reduction in 
current path and diffusion length), improve energy conversion and storage efficiency 
and potentially increase the volumetric energy and power density [35]. 
Miniaturisation inevitably requires the use of thin films and thus evaluating the use 
of existing thin-film technologies with conventional SOFC materials is very 
important. 
If hydrogen is to be utilised as a fuel then the development of g-SOFCs also relies on 
the development of hydrogen storage technology such as carbon nanotubes (CNTs), 
graphite intercalate compounds (GICs), metal hydrides, chemical storage and more 
which will also form part of the p.-SOFC system. However, a potential compatibility 
of utilising CNT hydrogen storage technology for micro-SOFCs exists since 
temperatures of approximately 400°C are required to desorb the hydrogen [36]. 
Since the cell is likely to be operating at or above this temperature, this is an 
9 
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advantage over 1.1-DMFC and p-PEMFC, which operate at reduced temperatures 
(<150°C). 
Based on the power densities currently possible, it seems that cell sizes of a few mm2 
and miniature devices only requiring 1.1W to 1-5 W might be more suited to 1.t-SOFC 
design initially. A device such as a mobile phone may require a few mW within a 
total device size approximately 10 cm2 in area, whereas a typical laptop requires 20-
50 W from a device size of approximately 30-40 cm2. Although Huang et al. has 
presented one of the highest power densities seen at low temperature (400 mWcm.2 
at 400°C) in optimised testing conditions, this still presents a size limitation for ii-
SOFCs [37]. A 20 W laptop powered by a stack of cells with this power density will 
require 50 cm2 area. This calls for increased power density and/or innovative 
stacking architecture. A power density closer to 1 Wari2 may enable a broader 
range of applications. Recently, Su et al. [38] realised a very high 1.1-SOFC 
performance of 677 mWern-2 at 400°C and 861 mWcin-2 at 450°C using corrugated 
YSZ membranes and porous Pt electrodes. The electrochemically active area of the 
corrugated membrane exceeds that of the equivalent planar geometry by 
approximately five times. These results are very promising for the development of 
high power density, low-temperature ii-SOFCs. 
1.5.2 Development of Micro-SOFCs 
1..t-SOFC research is now beyond the 'proof of concept' stage, focussing on 
fabrication and characterisation of different electrode/electrolyte architectures in 
addition to mechanistic studies of SOFC materials specific to 1.1-SOFC operation. A 
recent full review on microfabricated [1.-SOFC membranes is provided by Beckel et 
al. [39] and Evans et al. [40]. Various attempts have also been made to evaluate the 
compatibility of conventional SOFC materials in vapour deposition-based 
microfabrication processes. 
Microfabricated fuel cell materials and processing must be different from 
conventional fuel cell construction. A different approach making use of MEMS 
processing techniques, utilising micromachining of Si has enabled this and micro-
flow-field channels for example. However, it is important that careful consideration 
- 10 - 
Chapter 1 
is given to the behaviour and properties of thin films that are now used as opposed to 
bulk materials. This has not been overlooked and the characterisation of as-
deposited thin films potentially for electrodes or electrolytes by electron microscopy, 
x-ray diffraction (XRD), surface analysis techniques etc. is a precursor to 
electrochemical impedance spectroscopy testing for example [41]. However, the 
ability to microfabricate electrodes and electrolytes does not guarantee the ability to 
realise a micro-fuel cell [42]. 
1.5.2.1 Design Considerations 
In order to maximise the performance and reliability of µ-SOFCs, a robust and scale-
dependent design methodology must be developed. The challenges to arise from 
structural design consideration are outlined as follows [43]. 
(a) Microfabrication techniques enable the parallel fabrication of arrays of 
complicated geometrical structures in two-dimensions, but extending this to 
three-dimensions becomes somewhat more troublesome and is limited to 
extrusion-type processes. As a result, planar designs are inherently easier to 
realise. 
(b) Intrinsic residual stresses of thin film materials often result from growth 
processes and highly depend on the processing conditions. Systematically 
changing a few processing conditions/parameters such as argon gas pressure and 
bias voltage in sputter deposition, can yield a change in stress of several hundred 
MPa in both metallic and oxide thin films. As a result, it is vital that the residual 
stress is treated as a design variable. 
(c) Since µ-SOFCs operate at temperatures of several hundred degrees centigrade, 
the structural stability and reliability of the design, whether it is a three-layer 
composite or co-planar design must be assured over a very wide temperature 
range (20-600°C). Concerns arise from the fact that the electrodes, electrolyte 
and substrate may possess considerably different thermomechanical properties, 
for example different thermal expansion coefficients. This can result in large 
thermal stresses during temperature cycling. The result is that different materials 
Introduction 
that constitute the cell are liable to expand more than others, resulting in failure 
due to fracture (in tension) or buckling (in compression). 
1.5.2.2 Material Requirements for µ-SOFCs 
The core components of the pt-SOFC i.e. cathode, anode and electrolyte should 
possess adequate transport properties (electronic and/or ionic conductivity) and good 
chemical compatibility with surrounding cell components in thin film form. It is 
essential that these materials offer structural stability during fabrication and at 
projected operating temperatures of less than 600°C in any proposed atmosphere(s). 
For example a large thermal expansion mismatch between a thin film and its 
substrate may result in cracks. One of the major differences between the SOFC 
materials mentioned thus far in bulk form compared to thin films is the 
microstructure [40]. Thin films may have microstructural features e.g. grains size, in 
the nanometre range. It is possible for grain sizes to be 2-3 orders of magnitude less 
than the film thickness, which may be tens or hundreds of nanometres. It is also 
important that the microstructure of the films remains unchanged. In fact, all the 
material properties mentioned should remain stable throughout the lifetime of the µ-
SOFC without significant differences in performance between nominally identical 
cells. Although many conventional SOFC materials are being used in v-SOFCs it is 
clear that such differences in microstructure between bulk 'pellets' and thin films 
inherently lead to different properties. As a result, much of the recent work in the 
literature has involved a characterisation of conventional SOFC materials in thin film 
form specifically for µ-SOFCs. 
Materials used as anodes in recent µ-SOFC systems include: platinum (Pt) [38, 44-
47], ruthenium (Ru) [48] and nickel (Ni) [49, 50]. Cathode materials directly utilised 
include: Pt [38, 44-50] and LSCF [44]. As can be seen, many authors have 
investigated the use of Pt as anode and cathode material for low-temperature 
operation since it is stable in both oxidising and reducing atmospheres. CGO and 
3YSZ remain the most widely used electrolyte of choice with these materials. 
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1.5.2.3 Application of MicroElectroMechanical Systems (MEMS) 
Fabrication Techniques and Processes 
MEMS micromachining techniques allow the key components of the fuel cell stack 
to be miniaturised and integrated monolithically i.e. in a single continuous process to 
form a single structure on a common substrate [24]. In MEMS, most of the ceramic 
materials used are in the form of thin films. There are a variety of techniques 
available to structure the materials including moulding, direct writing, 
photolithography, self-assembly and substrate-surface modification as reviewed by 
Beckel et al. [51]. 
Conventionally, electrodes and electrolytes are prepared based on slurry or ceramic 
powder processes such as screen printing or tape casting for SOFCs. However, these 
are manufacturing methods that are incapable of fabricating components with planar 
dimensions smaller than 1 mm2 and thickness less than 10 gm [52]. Newer methods 
such as those based on physical vapour deposition (PVD) and photolithography are 
required in order to fabricate ii-SOFC electrodes and electrolytes. Other advantages 
of using thin films include: the reduced sintering temperatures (if sintering is 
required at all) and the possibility of manipulating the electrical conductivity by 
controlling the nanocrystalline microstructure of the thin film [39]. To expand on the 
latter of these points, in the majority of cases, nanocrystalline materials show unusual 
electrical conductivities and thermal stabilities owing to their large amount of grain 
boundaries with respect to grain area [39]. 
Dual Chamber Configuration 
The SOFC can be operated in two modes - dual chamber configuration and single 
chamber configuration, which is described in the next section. Conventionally, the 
SOFC consists of two separate chambers as described in section 1.2 with both 
electrodes on opposite sides of the electrolyte. One chamber delivers fuel to the 
anode and the other delivers oxygen to the cathode, both of which (electrodes) are 
typically porous to enhance gas access. The chambers are isolated from each other 
by a dense electrolyte. The driving force is the difference in oxygen partial pressure 
between the anode (low Poe ) and cathode (high P02 ). In dual chamber p-SOFCs 
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the fuel and oxygen can be separated by a thin electrolyte membrane which is either 
free-standing (Figure 1.3) i.e. appears to bridge the supporting substrate when a 
cross-section is viewed, or supported by a porous electrode i.e. one of the electrodes 
is much larger (and mechanically stronger) than the other and the electrolyte [31]. 
The latter of these dual chamber configurations is more difficult to realise in a micro-
device since the porous electrode is the support layer and problems arise with 
mounting the cell to ensure the surface of the thin-film electrodes are the active 
areas. 
Anode 
1 Fuel 
Electrolyte 
Cathode Substrate 
Air 
 
Figure 1.3: Schematic representation of a dual chamber free-standing 
electrolyte u-SOFC configuration. This does not illustrate any particular 
stacking configuration (adapted from [31]). 
In fact Jankowski et al. proposed a dual chamber free-standing micro-fuel cell design 
for PEM and SOFC types for patent application in a similar way [52, 53]. The entire 
p-SOFC has a thickness of 2.5 p.m. A SOFC trilayer similar to this was fabricated 
with 0.5 pm thick nickel (Ni) anode, 1.2 pin thick YSZ electrolyte and 0.8 [tm thick 
silver (Ag) cathode by RF (radio frequency) sputtering [30]. The electrodes formed 
a 2 mm x 2 mm contact area with the electrolyte. The SOFC produced 145 mW cm-2 
at a cell potential of 0.35 V and 73 mW cm-2 at 0.55 V at 600°C and 550°C 
respectively using air or an Ar-20% 02 gas mixture supplied to the cathode and a 
humidified Ar-4% H2 gas mixture supplied to the anode. 
The electrodes were produced by photolithography and via deposition through a 
shadow mask [30]. Where lithographic patterning was used, the metals were 
deposited at room temperature to form dense layers, yielding a fine-grained and 
columnar structure. Photolithography was then used to pattern 3-5 p.m holes 
(`pores') with 3 pm intermediary spacing. After developing the resist pattern, the Ni 
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was etched in H20:HNO3 (20:1 water to nitric acid) at 45 °C to produce an etch rate 
of 0.1 gm-min-1. This is specifically mentioned for Ni anodes but not for the Ag 
cathodes [30]. 
Alternatively, sputtering was utilised to yield electrodes with a porous 
microstructure. The as-deposited porosity was produced by sputtering with an 
increased working gas pressure, at the same time heating the substrate to 45-55% of 
the melting temperature of the electrode metal. The effect of the increased 
temperature and gas pressure enhances incident scattering to the substrate surface 
and subsequent surface mobility. 	This deposition procedure promotes re- 
crystallisation of the metal and forms 'bridges' between the columnar structures 
yielding a 'metallic sponge-like' morphology [30]. 
The work on free-standing membranes (electrolytes) gives a good insight to what one 
can expect when working with thin film ceramics from a mechanical stability 
perspective. This is absolutely vital in the development of pt-SOFC fabrication [39]. 
Single Chamber Configuration 
The operation of conventional fuel cells relies on the separation of the oxidant and 
the fuel. In this case highly active but non-selective electrodes are used. However 
the use of reaction selective electrode material enables the operation of a fuel cell in 
a mixture of fuel and air [54]. This was first proposed by van Gool [55] in 1965 and 
in principle is applicable to all fuel cell types. However the concept has largely been 
demonstrated on the PEMFC, DMFC [56] and SOFC variety. These single chamber 
designs are often termed 'Compact Mixed-Reactant Fuel Cells'. A theoretical 
explanation for the operating principle of a single chamber SOFC (SCSOFC) was 
given by Riess et al [57]. It is stated from the outset that the asymmetry required to 
drive the current in a particular direction stems from the difference in the catalytic 
activity of the two electrodes. The anode preferentially oxidises the fuel and the 
cathode preferentially reduces oxygen in a kinetically driven process. Hibino et al. 
produced one of the first SCSOFCs, which was YSZ-based and operated on mixtures 
of methane and air at 950°C [54]. The anode was made of Ni-YSZ and the cathode 
of Au. 
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The development of interdigitated electrodes (IDE) placed on one side of the 
electrolyte was first proposed by Hibino et al [58]. Hertz and Tuller proposed a 
single chamber design based on such an architecture for patent application [59]. 
Fleig et al. discuss the electrochemical performance of g-SOFCs and g-SCSOFCs 
and conclude that IDEs with characteristic feature sizes of a few gm are essential to 
ensure low polarisation resistance [31]. A reduction of the ohmic resistance by 
placing two coplanar electrode stripes closer together is similar to the effect of 
reducing the electrolyte thickness in conventional cross-sectional (dual-chamber) 
SOFC cells [60]. The ionic current has to flow in a lateral direction i.e. parallel to 
the substrate so the distance between and the width of the electrodes become 
important. In this geometry, thin electrolytes are unfavourable due to increased 
ohmic resistance. Figure 1.4 (a & b) shows a schematic illustration of the IDE 
design, with cells 'stacked' side-by-side on top of gold film interconnects first 
proposed by Hibino et al. [58]. 
(a) 
	
FueP02 mixture 
Anode 	w 	Cathode Electrolyte 
E-- 
Ion Flux 
Substrate 
(b) Electrolyte Interconnecting thin 	Patterned 	 Patterned anode film 	 cathode thin film 	thin film 
	 V\I 
Figure 1.4: Schematic diagram of interdigitated electrodes in cross-section (a) (adapted from [31]). 
A plan view of an IDE tt-SCSOFC stack assembly connected in series is shown in (b). The 
electrolyte may be a thin film deposited on some substrate such as Si or it might be bulk in that it 
forms the substrate. (Adapted from [58]). The interconnect, anode and cathode layers are formed in 
separate fabrication stages. 
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Development of SC designs for g-SOFC application has not yet progressed quite as 
far as the dual chamber free-standing membrane alternative (although in principle 
this maybe used in 'single chamber mode'). In fact a recent review by Beckel et al. 
states that thin-film based (co-planar) SCSOFC are still yet to be seen [39]. 
Tubular Configuration 
Since a tubular configuration is not intended in this project, only a brief review will 
be given. Micro-tubular SOFCs with sub-millimetre diameter (0.8 mm) have been 
fabricated by Suzuki et al. via the traditional extrusion and coating technique and 
tested in the intermediate temperature region under 600°C [61]. The cell consists of 
NiO—GDC as an anode (support tube), GDC as an electrolyte and (La, Sr)(Fe, Co)03 
(LSCF)—GDC as a cathode. The cell produced 0.35 Wcm-2 at 550°C with H2 fuel. 
At 0.8 mm in diameter and 12 mm in length (cathode length 8 mm), the g-tubular 
SOFC generated over 70 mW at 550°C, indicating the possibility of building a cell 
stack with volumetric power density of 7 Wcm-3 by stacking 100 tubes in 1 cm3 
(assuming without losses). There is on-going work to fabricate a micro tubular 
SOFC stack with high volumetric power density. This is promising but it is 
potentially easier and cheaper to use fabrication processes already utilised in the 
microelectronic industry. 
1.6 Electrolytes 
Conventional modern SOFC electrolytes are usually between 10 gm and 200 gm 
thick. In order to reduce operating temperatures from 800°C to 1000°C to 
approximately 500°C and to reduce system costs, thin film electrolytes are more 
favourable [39]. This reduces the ohmic resistance and thus allows for an increase in 
conductance. The net result is a reduction in the operating temperature as the ionic 
conduction mechanism is a thermally activated process [62]. 
Since operation is intended for the 500°C-to- 550°C temperature range, CGO may 
be more suited to g-SOFC applications since it has higher conductivity than YSZ in 
this temperature range and LSCF cathodes have shown to be compatible at these 
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temperatures [63]. However YSZ is mechanically more stable and robustness is also 
a very desirable quality from the perspective of g-SOFCs. YSZ is perhaps the most 
investigated SOFC material and for this reason its use as an electrolyte in µ-SOFCs 
still remains a possibility. In fact YSZ thin films were shown to exhibit up to 3.5 
times lower ionic conductivity than microcrystalline samples but this is compensated 
for by a lower ohmic resistance. 
Recently, Garcia-Barriocanal et al. reported 'colossal' ionic conductivity of up to 
eight orders of magnitude in YSZ/strontium titanate epitaxial heterostructures (YSZ 
layers 62 nm to 1 nm thick sandwiched between 10 nm thick SrTiO3 (STO) layers) 
near room temperature [64]. The enhanced conductivity is reported to be YSZ layer 
thickness independent and is attributed to strain introduced at the multilayer 
interfaces, leading to a distortion of the fluorite and perovskite atomic structures at 
the interface, where the YSZ lattice strains to match the STO lattice. The net result 
is the reported enhanced ionic conductivity since 'a large number of carriers and a 
high-mobility plane' are provided. However, this is the subject of ongoing work to 
establish the nature of the charge carriers since the conductivity measured may be 
ionic and electronic. The production of full coverage ultra-thin (1 nm) films is non 
trivial. However, even if an enhancement of 2-3 orders of magnitude in the ionic 
conductivity is possible, this work may be the start of an important development for 
g-SOFCs able to operate at temperatures approaching room temperature. Thus the 
need for improved electrode performance at reduced temperatures is even greater. 
1.7 Electrodes 
In a conventional dual chamber SOFC (as will be assumed throughout the remainder 
of this thesis) the electrodes are porous, which allows the oxidant to reach the 
cathode/electrolyte interface and the products of the oxidation of fuel (steam in the 
case of pure H2 and 02) to escape from the anode. With a dense, gas-tight 
electrolyte, the fuel and oxidant remain separated. 
Ohmic losses in SOFC electrolytes are largely understood today in comparison to the 
factors governing electrode overpotential losses in SOFC cathodes. One of the main 
reasons why cathode research has become more prominent in the last 20 years or so 
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is partly due to the ability to fabricate increasingly thinner electrolyte films, which 
results in a reduction in its resistance. The biggest drive in SOFC development is of 
course to reduce operating temperatures. At lower temperatures the electrodes 
provide a greater percentage of the voltage loss (polarisation) due to higher 
activation energy. In the case of cathodes, oxygen reduction is believed to be an 
electrochemical reaction process more difficult to activate at lower temperatures 
[16]. As a result, researchers have focussed on understanding the fundamental 
electrochemical reaction mechanisms occurring at SOFC cathodes and are 
continuously developing the microstructure of existing materials and newer, more 
active materials. At the same time it is important to address issues such as 
degradation, which is a function of a number of real operating variables such as time, 
temperature, thermal cycling, atmospheric conditions and impurities [16]. 
The cathode should be catalytically active towards oxygen reduction and remain 
thermally stable up to temperatures of 550°C for the lifetime of the fuel cell and 
chemically stable when in contact with the electrolyte/substrate/current collector. 
The cathode should also be a good mixed ionic and electronic conductor (MIEC), 
allowing increased reaction kinetics due to increased surface area (i.e. reaction sites). 
Two cathodes; Ag and LSCF have been identified as potential candidates for It-
SOFC cathodes operating at approximately 550°C in this thesis. 
Silver is interesting as a potential cathode material for µ-SOFCs since it 
demonstrates oxygen solubility and has the highest electrical conductivity of all 
known metals. This is emphasised when considering that the conventional ceramic 
`oxides' currently used tend to become less electronically and ionically conducting at 
the lower temperatures that !_t-SOFCs are intended to operate at. However, little is 
known regarding the oxygen reduction reaction mechanism at thin, dense Ag 
cathodes below 550°C. 
LSCF is a state of the art mixed ionic-electronic conducting SOFC cathode material 
[65-67]. The electronic and ionic conductivity is sufficient to reduce the SOFC 
operating temperature to below 800°C. It is reported in the literature that the oxygen 
reduction reaction at LSCF cathodes occurs via the solid state oxygen diffusion path, 
but it is the surface reaction which is rate limiting [65, 68]. However, it remains to 
be seen whether or not the surface area of LSCF remains significantly active towards 
the oxygen reduction at low temperatures. Likewise, one might ask whether or not 
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there is a temperature range over which the three-phase boundary length (hpB) 
becomes significant in oxygen reduction, if at all. 
1.7.1 Patterned Electrodes 
The use of geometrically well defined (gwd) electrodes for the investigation of 
fundamental reaction mechanisms is well documented [39, 40]. The gwd concept 
involves the production of a matrix of gwd electrodes of known trpB, bulk diffusion 
length (i.e. film thickness) and active areas that are tested systematically with the aim 
of correlating such parameters with the performance i.e. polarization resistance. In 
such model electrode studies one usually assumes the electrode is dense in order to 
investigate the material in question without the added complexity of gas-phase 
diffusion that exists in porous structures [39]. Physical vapour deposition techniques 
such as sputtering and pulsed laser deposition are generally assumed to provide this 
but close microstructural examination of deposited films is required to determine the 
actual density. The production of patterned electrodes is also significant in p-SOFC 
development, where the reproducibility of structured thin films is of importance. 
The demonstration of patterned LSCF thin film cathodes is evident in the literature 
for structures consisting of simple square or circular geometries approximately 20 
1.1M to 100 gm diameter [65, 68-70]. However, the range of tips from the gwd 
cathodes in these studies was limited due to inhomogeneous potential distributions 
that arise due to current collection problems arising from the electrode geometry. 
Various current collection techniques were used in these studies, but each was unable 
to offer the compromise of allowing molecular oxygen to access the LSCF and 
ensure a homogeneous potential distribution, which implies a uniform coverage by 
the current collector. 
A combination of photolithography and etching is the most widely used method to 
produce patterned thin film electrodes. However, literature on photolithography and 
etching processes are still lacking, especially for metal oxide structuring of materials 
such as LSCF. These are two important steps in the fabrication process irrespective 
of the cathode material used since the reproducibility is vital for mechanistic studies 
and for potential p.-SOFC cathodes. 
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1.8 	Thesis Objectives 
One of the aims of this thesis is to identify a suitable cathode material for 11-SOFCs, 
enabling operation below 550°C. Such low operating temperatures now presents Ag 
as a candidate and therefore an assessment of its electrochemical performance and 
viability as a p.-SOFC cathode will be made. This will involve the fabrication of gwd 
patterned Ag films for mechanistic studies. 
LSCF is also a candidate cathode material for K-SOFCs, however little is known 
regarding the oxygen reduction reaction mechanism at low temperatures (<550°C). 
Gwd LSCF patterned cathodes will be fabricated to confirm the oxygen reduction 
mechanism determined using existing theories (e.g. ALS model discussed in Chapter 
2) using a novel current collection method. In other words, by conducting such 
studies the aim is to determine whether or not accepted theories of oxygen reduction 
mechanisms explain the behaviour of patterned electrodes. 
An objective of this work is also to develop/optimise fabrication methods for the 
production of thin film cathodes for p,-SOFCs and model electrode studies. This also 
involves the development of a current collector that may be applied to future gwd 
electrode studies on novel materials where large sheet resistance due to the electrode 
geometry may be an issue. Therefore the effect of the current collector will also be 
assessed. Finally, an assessment of the effect of the chosen fabrication methods on 
the cathode performance will also be made. 
1.9 Summary 
Micro-SOFCs aim to provide the power solution for applications requiring minimal 
power i.e. mW-few W based on current power densities achieved. However, with 
the ever increasing power densities produced the intended power range and 
application will become broader and the micro fuel cell option will become more 
viable. The ii-SOFC footprint depends on the allowable size determined by the 
electronic device but it will be compromised by the very complex array of 
components that make up the cell, for example thermal monitoring and heat 
management modules to ensure the cell is kept at a constant temperature. It seems 
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the most simplistic design architecture is the single chamber design. However the 
problem of extremely low fuel utilisation is critical to its effectiveness. In addition, 
significant materials development is required to produce more selective electrodes. 
Conventional dual chamber designs are more complicated to manufacture with 
sealing providing a considerable challenge, however working cells are being 
demonstrated at a proof of concept level rather than demonstration units for 
commercialisation. 
There are many difficulties associated with the challenge of fabricating a complete p-
SOFC system with much outstanding fundamental research required. The use of thin 
films to investigate fundamental properties of SOFCs (as carried out in this thesis 
with respect to cathodes) may actually be specific to p-SOFCs since these are two 
different systems. Utilising a conventional SOFC material in bulk form for use in p.-
SOFCs was the obvious starting point, but it is clear that these materials do not 
perform exactly the same at a completely different length scale. Research and 
development presented in the literature has shown that the downscaling of each 
SOFC component, particularly the anode, electrolyte and the cathode do lead to real 
physical differences in apparent material properties. The different routes of thin film 
processing can result in microstructures with nanometre feature sizes that have a 
profound effect on the electrical and electrochemical behaviour of the material. 
Reduced temperature p.-SOFCs require an improvement in the performance of 
conventional SOFC component materials or the development of new ones. The aim 
of this work is to investigate the process of oxygen reduction (and factors which 
affect it) at novel (Ag) and existing (LSCF) SOFC cathodes. The feasibility of using 
these materials in µ-SOFCs in the form of processed thin films must also be 
addressed. 
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2.1 	SOFC Cathodes 
Like the anode, there are a number of general requirements imposed upon SOFC 
cathodes in order to achieve adequate performance. In essence SOFC cathodes 
should possess high activity towards the electrochemical reaction in question i.e. 
oxygen reduction and should therefore remain stable under such oxidising 
conditions. The cathode should also remain thermally stable with a thermal 
expansion coefficient (TEC) close to that of the electrolyte to reduce the risk of 
delamination and mechanical failure such as cracking. It is also important that the 
microstructure of the cathode remains unchanged in the operating environment for 
the life time of the fuel cell. The cathode should have high electrical conductivity to 
reduce the ohmic losses incurred. 	This becomes more important as the 
dimensionality of the cathode is reduced and aspect ratio increased. For example, a 
thin film with a width many orders of magnitude larger than its thickness will have a 
very small cross-sectional area. If the electrical conductivity is not sufficiently high, 
the ohmic resistance due to the geometry may even exceed the electrochemical 
resi stance. 
To increase reaction kinetics, SOFC cathodes are typically porous to ensure that 
oxygen is adequately transported to the electrode/electrolyte interface. This is 
particularly true for poorly ionically conducting cathodes such as (La,Sr)Mn03 
(LSM) where oxygen reduction is generally believed to be confined close to the 
electrode/electrolyte interface i.e. at triple phase boundaries (TPB) where the gas, 
electrode and electrolyte meet. It is here that the gas has access to both the ionically 
and electronically conductive phases of the electrolyte and cathode respectively [16, 
40]. As a result it is highly desirable of such cathodes to possess a large total TPB 
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length, hpB. The TPB concept is not new and dates back to the 1920's [71] and is 
considered to be a 1-dimensional line which scales with electrode performance. 
As mentioned LSM is among the earliest ceramic SOFC cathodes developed and is 
predominantly electronically conducting with the oxygen reduction reaction believed 
to occur at TPBs. However, it is still one of the most widely used cathode materials, 
particularly with YSZ electrolytes [72, 73] (and references therein). One strategy to 
improve the performance of electronically conducting LSM is to combine it with an 
ionically conducting oxide such as YSZ to form a porous composite microstructure 
[16]. The result is an increase in the contact area between electronically and 
ionically conductive phases. 
Since LSM has an optimal operating temperature of around 800°C for effective 
oxygen reduction, it is not suitable for intermediate and low operating temperatures 
(<600°C), particularly for pt-SOFC applications. Lanthanum strontium cobalt oxide 
(LSC), (La,Sr)Co03 is a mixed ionic-electronic conducting (MlEC) perovskite 
(ABO3) where the A and B site cations (a rare earth element such as lanthanum and a 
transition metal such as Co, respectively) can be substituted by an alkaline and other 
transition metals, respectively to optimise the material properties. Such MIEC 
materials enable oxygen reduction to occur over the entire cathode surface rather 
than being restricted to TPBs. MIEC thin films can therefore provide improved 
cathode performance compared to poorly ionically conducting thick films, especially 
since fast ionic transport of 02- is possible via the reduced diffusion length 
(thickness) in the cathode bulk [70]. Although LSM is a perovskite of this form, it is 
a very poor oxide conductor [72]. LSC is known for its high ionic and electronic 
conductivity at intermediate temperatures [74] which makes it particularly attractive, 
however it has a thermal expansion coefficient (TEC) in the range 17.5-20x 10-6K-1  
[75-77] which is greater than YSZ (10.5 x 10-6K-1) and CGO (12.5 x 10-6K-1) [77] (and 
references therein). Therefore, Co34 is substituted by Fe3+ to reduce the TEC to 13.8-
14.2x 10-61C' (in the same temperature range i.e. < 800°C) with the compromise of a 
reduction in electrical conductivity, forming (La,Sr)(Co,Fe)03.8 [76]. In these 
compounds the Sr2+ cations reside on La3+ sites since they have similar ionic radii. 
This substitution creates a fully ionised acceptor level with a charge that is 
compensated by holes in the valence band and oxygen vacancies [63]. As a result, 
perovskites of this form (LaxSri.,,B03±5) are highly doped p-type semiconductors [67, 
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78-81]. In general, a higher vacancy concentration results in faster transport of 02" 
through the lattice and a faster surface exchange rate as more oxygen can be 
adsorbed [82]. It has been reported that electrically insulating zirconate formation of 
the form SrZrO3 or La2Zr207 is possible due to interaction of LSCF with YSZ 
electrolytes above 800°C [68, 70, 83, 84]. 	Either CGO electrolytes are 
recommended or CGO interlayers on YSZ electrolytes due to improved chemical 
stability and similar TEC. However, CGO suffers from stability in highly reducing 
atmospheres. Baumann et al. processed LSCF thin films (100 nm thick) at 750°C 
and did not observe evidence of such zirconate formation. The authors also assume 
that any such formation, if present would have a minor affect on the electrode 
performance at this temperature [65, 70, 85]. 	(Ba,Sr)(Co,Fe)03_,5 [86] and 
(Sm,Sr)Co03_5 [87] are recent alternative compositions that show enhanced surface 
exchange kinetics [70] but are yet to be integrated into il-SOFCs. Pt has been 
utilised as both anode and cathode inii-SOFCs since it is stable in both oxidising and 
reducing atmospheres and is easily sputtered to produce dense and porous films. 
Although Pt is an expensive noble metal, only very small quantities are required, thus 
a single sputtering target may last for many thousands of depositions. There has 
been little mention of silver (Ag) as a potential cathode material for ii-SOFCs even 
though it shows oxygen solubility [88-90] and high electronic conductivity. 
However, Jankowski proposed a u-SOFC with [52, 53] Ag cathodes but little work 
has been conducted to assess the viability of Ag thin film 1.1,-SOFC cathodes at 
reduced operating temperatures where the high catalytic properties may be more 
advantageous than some oxide materials. 
2.2 	The Oxygen Reduction Reaction 
The cathode reaction mechanism is believed to comprise a number of steps that are 
difficult to separate [39]. Oxygen reduction at cathodes follow a reaction pathway 
that is particularly unclear and is a topic of recent interest to researchers [16, 91], 
especially for MIEC cathodes such as LSCF and BSCF. In the case of porous MIEC 
cathodes there are a number of physical mechanisms postulated to limit the rate of 
oxygen reduction. For example: (a) the rate at which 02 is incorporated into the 
MIEC bulk, (b) the kinetics associated with the adsorption and/or (partial) reduction 
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of 02 on the MIEC surface, (c) rate of bulk or surface transport of oxygen ions 02. to 
the electrode/electrolyte interface, (d) the electrochemical kinetics associated with 
charge transfer of 02- and electrons (e) across the electrode/electrolyte interface and 
(e) rates of the mechanisms mentioned above where the electrolyte may behave as a 
mixed conductor due to 'doping by reaction' with cathode materials [16, 65]. 
However, the sequence and occurrence of all these steps for cathode materials is still 
debatable. The possible pathways for a thin dense MIEC cathode are highlighted in 
Figure 2.1. Bulk and surface pathways are in competition and occur in parallel to 
each other. However it is the fastest path that determines the overall kinetics. In 
other words one pathway dominates or both may be of similar importance. The rate 
determining/limiting step is thus the inhibiting step(s) occurring in this serial oxygen 
reduction pathway. The oxygen surface exchange reaction is a complex process 
involving many of these steps i.e. adsorption of 02 on the cathode surface and its 
dissociation into two oxygen atoms. The oxygen is finally incorporated as an oxygen 
ion (021 into a vacancy (V;) in the first layer of the mixed conducting electrode 
with a number of ionisation steps involved in the serial mechanism [65]. The oxygen 
reduction process is shown in Equation 1.1 . For dense pure electronic cathodes the 
bulk pathway is not expected to occur, however the 02 solubility displayed by silver 
for example, indicates that electrochemical reactions may not be limited to the TPB 
interface for this material. In fact Van Herle and McEvoy concluded that the kinetics 
are partially limited by both the diffusion of atomic oxygen through the silver bulk 
and the absorption of gaseous oxygen into the silver [88]. 
There are many parameters that affect the oxygen reduction reaction, including: (i) 
the geometry of the electrode e.g. 1TPB and surface area, (ii) electrode microstructure, 
where particular attention is given to 02- diffusion across grain boundaries and 
through the grain bulk and (iii) the physical chemistry i.e. oxygen surface exchange 
and oxygen diffusion properties. In the case of Pt, trpB is of importance since Pt does 
not readily transport 02 in the bulk. However, Mizusaki et al. [92] were among the 
first to address the role of bulk oxygen transport in dense mixed conducting 
electrodes of LSM with small 'TPB. Although LSM is widely regarded as an 
electronic conductor under typical cathode conditions limited by oxygen reduction 
occurring at TPBs, the authors showed experimentally that a change in the relative 
importance of bulk vs. surface transport under strong cathodic polarization was 
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possible. The significance of this is that the use of the thin film artificially 
constrained transport to the bulk (due to the low in)B) and the result only proved that 
bulk transport is possible and not the dominant path. Therefore, in an attempt to 
investigate the effect geometry has upon the electrode performance to deduce rate 
limiting steps, at least an order of magnitude difference in geometrically varying 
parameters such as hPB  is required at the same time as controlling other parameters 
such as area and thickness. Such a study has not been carried out so far for MIEC 
electrodes explicitly. 
Gas Phase 
`Side-Wall' \\4  
Triple Phase 
Boundary 
°ads 
MIEC 	 02  
Cathode 
Bulk Pathway  
Surface 
Pathway 
°ads*---- 02 
°ads 
02 	02 
Electrolyte 
Figure 2.1: Schematic diagram illustrating the possible oxygen reduction reaction pathways in a 
dense MIEC cathode (adapted from [16, 39, 63]). Bulk and surface pathways are in competition as 
they occur parallel to each other. Oxygen incorporation at the side walls is also shown. 
02 + 2V; + 4e -47; 202 	Equation 2.1 
One particular limitation of the models described at the beginning of this section i.e. 
(a) to (e) is the case of a completely bulk path such that the bulk absorption and 
diffusion of oxygen is facile and the bulk path dominates the overall performance. 
This is even if the surface path is possible with the existence of TPBs. Adler, Lane 
and Steele [82] used continuum modelling to analyse the mechanism of the oxygen 
reduction reaction at porous MIEC electrodes, the so-called 'ALS' model. This 
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model treats materials and surfaces as continua with well-defined transport and 
thermodynamic properties and addresses the effect on the impedance and chemical 
capacitance of the bulk-path assumption. An assumption of the model is that mixed 
conductors with high ionic conductivity operate under the same basic reaction 
mechanism as a dense film i.e. the surface pathway is negligible. In addition, it is 
also assumed that the electrode non-stoichiometry will vary over lengths greater than 
the individual microstructural feature sizes of the electrode due to fast ion transport 
and that the electrode is infinitely large. As a result the electrode reaction shown in 
Equation 1.1 is viewed as a `1D macrohomogeneous' conversion of electronic 
current to ionic current occurring over the whole thickness of the electrode. Oxygen 
reduction is thus expected to occur primarily within a utilisation distance, is from the 
electrode/electrolyte interface. For porous La0.6Sr0.4C00.2Fe0.803.5 lo is determined as 
5 gm at 612°C [82]. One therefore might ask how the electrochemistry may be 
affected in the case of dense gwd cathodes when the geometry size approaches /8. Is 
it possible for the oxygen reduction reaction to be TPB limited when the cathode size 
is less than the utilisation length? For a small enough cathode, this implies the entire 
surface will be active. Therefore the oxygen reduction reaction is geometry 
dependent. Prestat et al. [68] assumed the lateral oxygen flux incident on side-walls 
to result in a negligible surface pathway when investigating oxygen reduction at thin 
and dense La0.52Sr0.48Co0.18Fe0.8203_,5  cathodes. However if a change in the reaction 
mechanism of La0.6Sr0.4C00.2Fe0.803_8 does occur at low temperatures, a direct 
experiment with the potential to separate a surface pathway or TPB mechanism is yet 
to be shown and is an objective of this work. 
As mentioned, the ALS model allows prediction of the impedance of the electrode. 
In short, under zero-bias conditions it is predicted that the measured impedance 
reflects the chemical contribution to the electrode behaviour i.e. a 'chemical' 
impedance [16, 82]. Such chemical impedance is a convolution of the contributions 
from chemical processes such as oxygen absorption, and gas-phase and solid-state 
diffusion both outside and inside the electrode. In addition, the capacitance found in 
MIEC films is often much larger than surface or interfacial capacitances (as large as 
0.1 — 1 F/cm2) when chemical steps such as those listed above are involved. Such 
capacitance provides a good indication as to the role the interface, surface and/or 
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bulk play in the reaction kinetics. A large capacitance for example may indicate that 
the electrode bulk is significantly active in the oxygen reduction process. 
Although much work reinforces the importance of bulk paths (for porous MIECs), 
there is still debate over the relative importance of the bulk vs. surface paths and 
particularly the condition under which one may dominate. However, there are 
limitations to the model arising from the 1D macrohomogeneous assumptions. For 
example, one must address the case where the utilisation length approaches the size 
of microstructural features and the case when ionic transport is not facile. Fleig [93] 
used finite-element analysis to investigate this and compared the electrode resistivity 
of the ALS 1D macrohomogeneous model to that of a 3D microstructural 
representation of the same system. In this case the author used a hypothetical basic 
`cylinder-block' microstructure with microstructural feature sizes less than 2 um. 
The macrohomogeneous assumption was shown to break down when the utilisation 
length is of the same order or indeed smaller than the microstructural feature size 
which is also in agreement with later calculations performed by Adler [16]. 
However, one must be aware that although it is assumed that dense MIECs function 
under the same basic reaction mechanism as the porous MIECs considered in the 
ALS model, dense thin films may be hundreds of nanometres thick and less with 
nanometre-sized features that are not considered in this model. However, a full 3D 
model of MIEC electrodes is very difficult since it cannot be assumed that the 
idealised geometry of the microstructure employed by Fleig is sufficient. For 
example, one does not know the relative importance of microstructural properties 
such as particle size distribution, particle connectivity and particle contact angle at 
the particle length scales used. Another important finding by Fleig was that as 3D-
transport becomes more limited, the ionic oxygen flux across the 
electrode/electrolyte interface becomes non-uniform and becomes more constricted 
in regions close to the TPB. This may increase the interfacial resistance, which is not 
considered rate limiting in the current system. 
The ALS model may also break down when bulk ionic transport becomes less facile 
such that a parallel surface path mechanism becomes more important. This is of 
particular importance when one considers that ionic transport in such MIEC 
electrodes is a temperature activated process. Materials such as LSCF currently 
operate at intermediate temperatures i.e. 500 to 600°C. However, it is unclear 
- 29 - 
Literature Survey: Thin Film SOFC Cathode Research 
whether or not the oxygen reduction mechanism changes upon a reduction in 
temperature to below 400°C. The formula arising from the ALS model shows the 
area specific resistance, Rdem due to chemical contributions from the electrode 
impedance (Equation 2.2). Rchem is equally determined by (tracer) solid state 
diffusion coefficient, D* and (tracer) surface exchange coefficient, k*. In other 
words, it is then the relative magnitudes of D* and k* that are unfavourable at lower 
temperatures. 
RT 
Raw. =( 2F2 
     
    
Equation 2.2 
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Where R is the universal gas constant, T is absolute temperature, F is the Faraday 
constant, r ands are tortuosity and porosity that can be estimated from SEM 
observation, Ds is the tracer diffusion coefficient, similar to the diffusion coefficient, 
Dq determined by electrical experiments i.e. D* Dq [94]. In the case of a chemical 
diffusion coefficient, D° determined by conductivity relaxation, D* and Do are related 
by a thermodynamic factor y such that D° D*1,  [95, 96]. In a similar way the tracer 
exchange coefficient, k* e [94], co is the concentration of oxygen sites in the 
mixed conductor and a is the volume specific surface area of all internal surfaces. 
It is therefore necessary to investigate the role of the surface vs. bulk path at reduced 
temperatures (<500°C) for La0.6Sr04Co0.2Fe0.803 model thin film cathodes. 
However, such model cathodes are limiting cases and general techniques for 
investigating the role of the surface vs. bulk path in electrodes of arbitrary 
composition and processing are currently lacking. Such a development will help to 
better understand more complex materials and microstructures [16]. 
The characteristic thickness, Lc = Dslks (which depends on temperature) can be used 
to predict the thickness, h of the cathode material in which oxygen transport is 
limited by bulk diffusion (h>Lc ) or by the surface exchange process (h<L,) [97]. Lc 
is known to be approximately 100 gm for A02 fluorite and many ABO3 perovskite 
oxide materials [97] including the (La,Sr)(Co,Fe) 03-8 family. Therefore, the oxygen 
reduction reaction is limited by the electrode geometry and one postulates whether or 
not accepted theories explain the behaviour of patterned cathodes. As a result, in the 
limit of thin dense MEC cathodes where Lc > h, the ALS model is no longer 
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appropriate to predict the impedance of the electrode since the oxygen reduction 
kinetics are governed by kq rather than kg and Dq. In this case, the formula shown in 
Equation 2.3 may be used to predict the area specific cathode resistance due to the 
surface exchange process (Rs) with negligible charge transfer at the LSCF/YSZ 
interface [98]. 
R = 	
k
B
T 
4e2cokq 
Equation 2.3 
Where kB is the Boltzmann constant, e is the elementary charge and co is the 
concentration of lattice oxygen. 
In the majority of mixed conducting oxides discussed so far for SOFC electrodes, the 
ionic conductivities are high and so it is likely to be the oxygen surface exchange 
reaction i.e. incorporation into the oxide rather than the oxide ion diffusion through 
the thin film electrode that determines the electrode polarisation resistance. Fleig et 
al. discuss the minimal tracer exchange coefficient required in a tt-SOFC cathode 
[31]. A value of 5 x 10.6 cm s-1 at 600°C is required of the cathode material to match 
the target performance of 0.5 Q cm2. This is just fulfilled by standard materials such 
as LSCO or LSCF. Due to the better compatibility of LSCF with other cell 
components, it is a good choice of material for ti-SOFCs at this stage. It is suggested 
that the surface exchange coefficient may be increased by an additional catalytic 
layer or even through the use of dense Ag films [31]. 
2.2.1 Geometrically Well-Defined (GWD) Electrode Studies 
In order to investigate the fundamental electrochemical reaction mechanisms 
occurring at 1.1-SOFC cathodes it is important to use a well-defined model. This is 
very difficult to achieve when working with porous electrodes. For this reason there 
is a need to simplify the system and this has been realised by using thin, dense 
geometrically well-defined (gwd) films (or 'patterned electrodes') as opposed to 
porous electrodes. The advantage of this is that gas-phase diffusion through pores 
can be neglected. Instead, controllable parameters such as hpB and bulk diffusion 
length i.e. film thickness can be utilised [39, 99, 100]. Thin film SOFC cathodes can 
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then be electrochemically characterised as a function of these parameters to look for 
a correlation with performance. The performance of cathodes is assessed using the 
technological term area specific resistance (ASR), which is the measured resistance 
normalised by the electrode area. Micro-cathodes suitable for u-SOFCs should have 
an ASR < 0.5 SI cm2 at its operating temperature [31]. The ASR is influenced by the 
material (and its microstructure) and the processing. 
There is a need to produce stable, reproducible electrodes at the scales intended for 
µ-SOFCs. This then equates to electrodes only mm2 in size with gm features. 
Although patterned cathode studies are primarily for the investigation of the oxygen 
reduction reaction mechanism they also enable a better understanding of the 
fabrication of reproducible patterned structures for p.-SOFCs, which is important for 
obtaining consistent performance. In addition to this, the gwd cathodes are derived 
from mainly oxide thin films produced using processing methods utilised for g-
SOFC fabrication. 
Since ohmic losses in the cathode rather than in the electrolyte are considered 
dominant [31] there is a requirement to maximise hpB or active regions for oxygen 
exchange. 	This will help reduce activation losses, optimise the electrode 
microstructure and enhance transport [52]. Methods to increase 1TPB include the 
development of nanoscale composites and lithographic patterning [101]. Non-
microfabricated electrodes can be thick, porous composites with large trpB per unit 
over the surface area. However, microfabricated electrodes are typically thin, dense 
and single phase with the TPB defined by 'pores' created by lithography. It is said 
that this only becomes effective when sub micrometer lithography is used [102]. 
Hertz and Tuller state that a thin-film composite electrode exhibiting MIEC 
behaviour would eliminate the need for lithography and are thus more practical [102] 
and report on reactively sputtered nanocomposite platinum-YSZ electrodes. In any 
case, some form of deposition control is required to form electrodes in desired areas, 
for example through the use of shadow masks. 
Model thin film gwd electrodes were first studied in 1994 by Mizusaki et al. [103] 
focusing on metallic nickel (Ni) thin films anodes microstructured into line patterns 
by photolithography and wet chemical etching on YSZ. Others such as de Boer 
[104] and Bieberle et al. [99, 100] made similar investigations with Bieberle et al. 
fabricating electrodes with features as small as 5 gm [100]. Bieberle et al. created 8 
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different 'striped' anodes to investigate the effects irpB and Ni coverage (area) had 
upon the electrochemical reactions [100]. trpB varied between 3.65 m/cm2 and 12.85 
m/cm2, and the Ni coverage varied between 43% and 99% (of the solid 1 cm2 from 
which the stripes were etched). ['TB is controlled by the number of stripes created. 
The more stripes, the greater trpg, but the smaller the stripe width. A sketch of the 
electrode geometry is shown in Figure 2.2. 
Figure 2.2: Sketch of the striped patterned Ni anodes used by Bieberle et el. 
with stripe widths varying between 5 and 878 lirn and gap widths between 5 pm 
and 710 um [99, 100]. 
Bieberle-Htitter et al. demonstrated the fabrication of well-defined LSC patterned 
electrodes using photolithography methods and still remains as one of the only 
dedicated fabrication-related studies performed [105]. An interdigitated electrode 
(IDE) pattern was used to investigate LSC cathodes. The authors concluded that the 
pattern geometry did not affect the electrochemical characteristics (characterised by 
4 probe electrical conductivity and electrochemical impedance spectroscopy, EIS) 
[106]. Three different electrode 'finger' distances (electrode width) were tested; 100 
gm, 50 gm and 25 p.m. Where the 100 gm stripe was difficult to analyse by 
equivalent circuit fitting due to large impedances, the 50 gm and 25 gm electrodes 
were found to be very similar with respect to the activation energies and absolute 
conductivity of the fitting elements (resistive and capacitive) after the data was 
normalised to the pattern geometry. In a very similar experiment with patterned gold 
and platinum electrodes, Hertz and Tuller also found that the electrode impedances 
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for different sample geometries were similar when normalizing to the trpB [107]. It is 
interesting that it is reported that sputtered gold films thicker than 100 nm suffered 
adhesion problems and did not produce useable patterns after photoresist lift-off. 
Baumann et al. investigated the impedance of 100 nm thick La0.6Sr0.4Coo.8Feo.203-8 
circular microelectrodes, deposited by PLD on single crystal YSZ and structured by 
photolithography and inert gas ion beam etching to produce diameters between 20 
and 100 gm. It was concluded that the bulk pathway is dominant for oxygen 
reduction [65, 108], which was also concluded by Brichzin et al. [109] with the 
oxygen surface exchange reaction contributing greatly to the cathode ASR of 
approximately 5 Q cm2 at 750°C. 
Baumann et al. measured the electrochemical properties of gwd 
Ba0.5S1-0.5C00.8Fe0.203-5 microelectrodes by EIS [110]. Circular electrodes of 20 —
100 gm diameter and 100 nm thickness were prepared by PLD, photolithography and 
argon ion etching on polished single crystal YSZ substrates. Results showed that 02 
reduction at the electrodes is limited by the oxygen surface exchange and/or the 
transfer of 02" across the electrode/electrolyte interface. With an extremely low 
surface exchange resistance of 0.09 SI cm2 there was negligible effect from the (fast) 
transport of 02" through the bulk of the BSCF thin film [110]. 
Fukunaga et al. measured the electrochemical properties of Sm0.5Sro.sCo03 cathodes 
deposited by pulsed laser deposition between 0.8 and 4.0 gm, 4 mm in diameter on 
samarium-doped ceria (SDC) electrolyte discs [87]. The rate determining step is 
reported as the adsorption and desorption processes occurring at the surface of the 
cathode. 
It is interesting that Ag is frequently suggested in the literature to aid in current 
collection without restricting 02 access to electrode surfaces and because of its good 
conductivity [39, 111]. However, few publications are seen reporting on the explicit 
use of Ag as g-SOFC cathodes. 
To summarise, much work has been conducted on the structuring of SOFC thin films 
to better understand the reaction mechanism at anodes and cathodes. However there 
have been few fabrication related studies. From a fabrication perspective it is 
encouraging that most SOFC materials are able to form thin films via different 
deposition methods and can be readily structured. Much of the work utilising dense 
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gwd thin-film cathodes has shed light on rate determining steps for different SOFC 
materials and a quantification of relevant rate constants. Depending on the electrode 
geometry, a combination of bulk diffusion kinetics and the oxygen surface exchange 
reaction have been shown to limit the oxygen reduction reaction. However, for the 
limited film thicknesses intended for [t-SOFCs it is likely that the geometry will 
inevitably lead to oxygen exchange limited kinetics depending on the available 
electrode area. This is particularly relevant to perovskite cathodes such as LSCF 
BSCF and SSC. However charge transfer across the electrode/electrolyte interface is 
also of importance to BSCF. Some contradictory results were found for LSM. The 
polarisation resistance was initially found to be related to the electrode area. Further 
work suggested bulk diffusion paths dominated and bias-dependent measurements 
suggested there is a voltage range in which the mechanism changes (under cathodic 
voltage) such that the polarization resistance becomes inversely proportional to /TP13. 
2.2.1.1 Limitations 
The use of thin films (<10 i.trn thick) yields the requirement for very good current 
collection. When the electrode becomes too thin the in-plane sheet resistance begins 
to limit the utilisation of the electrodes along their length i.e. the resistance is 
proportional to the inverse of the cross-sectional area. This issue of sheet resistance 
is very important and Das et al. modelled the sheet resistance of patterned electrodes 
using a finite element technique [112]. The results of their work showed that the 
sheet resistance of patterned electrodes may dramatically reduce the operation or 
performance of the electrodes when the thickness or width is sufficiently small [112]. 
Further to this the overpotential due to sheet resistance is likely to exceed the 
corresponding overpotential due to electrode polarisation resistance when small 
features are used and at points furthest away from the current collector. As a result it 
may indirectly affect the measured electrode polarisation resistance since the 
utilization of the cathode is impeded [112]. The assumption made when carrying out 
electrochemical measurements is that the electrode potential is homogeneous. The 
ohmic drop in the patterned thin film due to its geometry is likely to result in a 
differential potential across the electrode. It is not clear how this may affect the 
reaction kinetics. 
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When working with thicker porous (unpatterned) films (>10 gm thick) a 
homogeneous electrode potential is achieved via the use of a metallic gauze current 
collector which is pressed onto the electrode (whilst in the green state), usually using 
Pt paste for good electrical contact and then fired [39]. Thin films do not have such a 
green state and finely patterned structures separated by 5-10 gm prohibit the use of 
most metallic gauzes since Pt paste and metallic gauze alike will contact the 
electrolyte and result in measurement errors. 
As a result there are three main requirements for adequate current collection when 
using gwd thin film cathodes for mechanistic studies: 
(i) 02 should have free access to the surface of the cathode, which implies an open 
porosity [39]. 
(ii) However, to ensure a homogeneous potential distribution (when working out of 
equilibrium) the current collector should ideally cover/make contact with the 
entire cathode surface [39]. 
(iii) The current collector should be electrochemically inert and not active towards 
oxygen reduction. 
The contradictory requirements in (i) and (ii) have led to different methods of current 
collection in the literature, each with advantages and disadvantages. So far no 
method of current collection that fulfils all three requirements has been shown. 
Brichzin et al. [109, 113] and Baumann et al. [65] utilised a tungsten carbide tip 
using micromanipulators to collect current on circular LSM and LSCF 
microelectrodes, respectively. Although this enables sufficient access of molecular 
oxygen to the cathode surface, the point-contacting method may have introduced a 
potential gradient in the cathode thin film. The contribution of the gas/tip/cathode 
interface to the oxygen reduction reaction also cannot be neglected. 
Ag was previously discussed as a potential !a-SOFC material since it is oxygen 
permeable. Ringuede and Fouletier [111] investigated oxygen reduction of 
Lao.7Sr0.3Co03-8 electrodes by employing a uniform Ag layer that allowed for a 
homogeneous potential distribution. However, such methods are only suitable for 
investigating bulk properties since the LSC surface is not freely exposed to the gas 
phase i.e. no information regarding adsorption and oxygen exchange at the LSC/gas 
interface can be inferred. 
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For many years Pt has been used as a standard SOFC current collector in 
electrochemical experiments either as a paste, gauze or combination of both. 
However, the high catalytic activity of Pt means that the Pt/gas/electrode interface 
remains active to oxygen reduction. Therefore the oxygen reduction properties of the 
electrode in question is convoluted with that due to the Pt current collector since the 
kinetics of the thin film/gas interface is affected [39]. 
Prestat et al. achieved the compromise using a conventional Pt current collector on 
top of a thick, porous (-30 lam thick) screen-printed LSCF current collector on 100 
nm thick LSCF thin films [68], but it is difficult to assess the contribution of the 
LSCF current collector to the oxygen reduction kinetics since it is of the same 
material as the cathode. The authors assume the adsorption and incorporation of 
oxygen at the thick porous LSCF and subsequent diffusion of 02.  to the porous 
(thick) LSCF/dense (thin) LSCF interface is less favourable than gas exchange at the 
thin film surface. Based on this assumption the advantage is that the electrochemical 
properties measured arise from the LSCF and not Pt. 
Geometrically well-defined cathodes are tools for investigating fundamental reaction 
mechanisms of SOFC materials but care must be taken to adequately describe the 
system itself otherwise comparative experiments may show unexpected differences. 
When working with such gwd dense thin film electrodes the number of active sites 
and dimensionality are reduced compared to the conventional case. As a result the 
effect of impurities and imperfections may be magnified many times and remain 
convoluted in the resulting electrochemical data. One may expect the thin film and 
fabrication processing to be of importance. There are few studies dedicated to 
determining this. 
2.3 	Fabrication of Geometrically Well-Defined (Patterned) Electrodes 
The majority of patterned electrodes seen in the literature are for the investigation of 
fundamental reaction mechanisms. There is not a lot of detail presented with regards 
to the fabrication processes and the quality of the patterned structures produced. In 
addition to this, little attempt to quantify the effect of fabrication techniques on the 
electrochemical performance of gwd electrodes has been made. Quite often the 
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fabrication process is described as 'standard lithography techniques' but it is difficult 
to reproduce such experiments without full details of the fabrication route. Baumann 
et al. [70] describe the fabrication process of gwd LSCF films in some detail, but 
details of the etch rates are not given for example. 
There are various methods by which electrodes may be patterned. Section 2.2.1 
discussed some of the relevant SOFC materials that have been patterned for 
associated reaction mechanism studies. The aim of this section is to describe some 
of the possible fabrication processes to realise geometrically well-defined electrodes 
for mechanistic studies and g-SOFCs. 
2.3.1 Thin Film Deposition Processing 
There are a range of deposition techniques possible for the production of thin films 
for ii-SOFC components. A review was conducted by Pederson et al. focussing on 
magnetron sputtering, vacuum plasma methods, laser ablation (PLD) and 
electrochemical vapour deposition [114]. These are examples of three main types of 
deposition techniques (physical vapour deposition, chemical vapour deposition and 
spray deposition) that differ with respect to precursor materials, deposition rates, 
control of deposition and the microstructures produced. It is concluded that the 
deposition of traditional ceramic oxide materials is possible using a number of 
vacuum deposition methods. Reviews by Beckel et al. [39] and Evans et al. [40] 
discuss the deposition of SOFC materials used for anode, electrolyte and cathode in 
functional R-SOFCs, their resulting microstructures and performance. 
Physical vapour deposition (PVD) techniques include sputtering, evaporation and 
laser ablation. The common feature these technique share is that atoms are 
manifested to the gas phase through a physical process from either a solid or molten 
target [39] in a vacuum environment. Sputtering is the most established of these 
techniques but PLD is becoming increasingly popular [39]. 
In the sputtering process material is ejected from a solid cathode target by 
bombardment with positively charged ions from noble gases like argon. Higher 
sputtering efficiency and deposition rates are obtained with magnetron sources 
(where a magnetic field confines a greater density of electrons closer to the target). 
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With metallic targets the potential at the cathode is provided by a DC source but a 
radio frequency (RF) source is required for sputtering dielectric materials [39]. 
In the PLD process a laser beam (usually in the UV range) ablates a rotating target, 
producing a plume comprising of atoms, molecules, electrons, ions and clusters that 
expand in the form of a narrow jet which is incident on the substrate material [39]. 
This is explained in more detail in Chapter 3. 
Evaporation of ceramic oxide SOFC materials (which are complex compared to pure 
metals) is difficult and rarely used and so is not discussed here. In electron beam (e-
beam) evaporation, an electron beam is focussed onto the target material (usually a 
metal) and particles are evaporated from a crucible onto the substrate of interest. The 
thickness of the deposited layer is uniform across the sample [39]. In thermal 
evaporation the desired metal is placed in a (tungsten) boat and a current is passed 
through it until the metal melts and is evaporated. Deposition rates are typically a 
few nm per minute for sputtering and PLD methods and films are typically 
polycrystalline with columnar structure [114]. Grain size can be controlled by 
varying deposition conditions, with nm-sized grains easy to realise. 
Anodes, electrolytes and cathodes have been realised in thin film form by both 
sputtering and PLD. Mainly ceramic oxide thin film electrolytes have been prepared, 
particularly YSZ and CGO [39] but the process is applicable to any material. An 
advantage of sputtering is that large surfaces can be covered but controlling the 
stoichiometry of films is difficult, often multiple targets are required. However PLD 
is particularly attractive because of the improved stoichiometric control it offers. 
Like sputtering any material may be ablated. In this sense, although PLD is not 
considered as a manufacturing method for cathodes (the plume size enables surface 
coverage with uniform thickness limited to a few cm2) it is a good laboratory 
technique that produces high surface smoothness comparable to that of sputtering. It 
is a useful tool in preparing novel electrode compositions and structures for use in 
fundamental reaction mechanism studies [39, 114]. Indeed, ceramic oxide SOFC 
cathodes: LSM, lanthanum strontium cobaltite (LSC), lanthanum strontium cobalt 
iron oxide (LSCF), barium strontium cobalt iron oxide (BSCF), and electrolytes: 
YSZ, CGO, and strontium-and-magnesium-doped lanthanum gallate (LSGM) have 
all been deposited as thin films via pulsed laser deposition [39, 114, 115]. 
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Chemical vapour deposition techniques involve the use of a reactive gas to transport 
precursors of the desired material to the substrate. They then react with other gases 
or decompose to leave the final product deposited on the substrate in the form of a 
thin film. Unlike PVD processes, high vacuum processing is not required. The 
majority of CVD processes have seen the preparation of dense, electrolyte films 1-
10um thick [39]. Variations of this process are atomic layer deposition (ALD) a 
pulsed form of CVD, which allows dense films less than lum thick to be grown and 
electrochemical vapour deposition (EVD). Ginestra et al. recently reported the 
growth of 25-35 nm thick ultra-thin YSZ electrolytes by ALD that were pinhole-free 
[115]. 
Spray deposition and spin-coating methods are both liquid-precursor-based thin film 
deposition techniques. Various forms of spray deposition exist. All methods involve 
the generation of an aerosol of a liquid precursor solution that is directed towards the 
heated substrate surface where the droplets evaporate/decompose before reaching the 
substrate (similarly to CVD). 	Alternatively the liquid is deposited without 
evaporation. Spray pyrolysis is a form of spray deposition that is becoming 
increasingly popular for SOFC thin film deposition [39, 116]. Porous electrode films 
of LSCF [117], LSM [118] and dense electrolyte films of (3µm) YSZ [119], CGO 
and LSGM [120] have been produced by electrostatic spray deposition (ESD). 
The deposition method influences the crystallinity and resulting microstructure of the 
thin film, which may inherently affect the electrical and electrochemical properties of 
the film, which can differ from that of the bulk. The amorphous films that result 
from non-vacuum methods of deposition can be transformed into crystalline films via 
thermal annealing. In the as-deposited state, the microstructure of these films is 
often of the bricklayer type. Vacuum methods on the other hand usually produce 
crystalline thin films during deposition, with as-deposited films appearing columnar, 
whether deposited at elevated temperature or post annealed [40]. 
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2.3.2 Patterning 
In microelectromechanical systems (MEMS) technology, most of the ceramic 
materials used are in the form of thin films. Most commonly, patterning is achieved 
using a lithography process, a process that has its origins in microelectronics. Other 
methods include moulding, direct writing, self-assembly, [51] and a novel technique 
developed by Beckel et al. [51] called topography mediated patterning. Note that the 
discussion is restricted to the patterning of electrodes. 
Photolithography utilises photo-sensitive organic mixtures called `photoresist' that 
when exposed by (usually) UV wavelengths induces a chemical change in its 
properties [121]. The desired pattern is located on the photomask either in 
transparent (typically soda lime glass) regions where the UV rays are able to pass 
(darkfield) or in regions (typically chrome) where UV rays cannot pass 
(brightfield/clearfield) and expose the resist. Where the UV rays can/cannot pass 
then leaves the basis for the desired pattern. The exposure process causes the 
polymer chains/bonds of the resist to be broken in a positive resist, resulting in 
increased solubility in an appropriate developer solution, or the bonds are cross-
linked in a negative resist, resulting in decreased solubility. 
There are two main processes in which a thin film may be patterned i.e. via positive 
and negative resist photolithography (assuming a photomask of the same polarity is 
used in each case). The deposition conditions of the thin film usually dictates when 
the film is deposited since (organic based) photoresists will not withstand high 
temperatures. For the purpose of this example it will be assumed the positive 
photolithography process begins with a bare substrate that is spin-coated with a 
homogeneous layer of the positive photoresist. Once exposed, the developed regions 
(regions that were exposed) of resist define a mask analogous to a stencil by which 
the required material is then deposited (at low temperatures so as not to deform the 
photoresist pattern). The remaining photoresist is then lifted off (usually in acetone) 
to reveal the structure. Conversely, the process may begin with the uniform 
deposition of the desired material on the substrate. A negative photoresist layer is 
then spun on top, followed by exposure through a photomask. The areas that were 
not exposed are 'washed away' in the developer leaving the thin film and remaining 
resist layer to identify the desired pattern (an inverse or 'negative' of the mask 
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pattern). The thin film is then etched away either chemically (wet-etch), or via a 
bombardment of inert atoms such as argon, or ions (dry-etch). The photoresist must 
resist etching and protect the thin-film beneath it. When etching is completed the 
remaining resist is removed to reveal the patterned thin film. These processes are 
shown schematically in Figure 2.3. Note that the processing may be reversed by 
reversing the polarity of the photomask. The choice of these two processing routes 
(thin film deposition before or after photolithography) also depends on factors such 
as the thickness, and the chemical and mechanical stability of the thin film and the 
complexity of the pattern and resolution required. Positive resists are often used in 
state-of-the-art applications since resin sizes in negative resist limit their resolution to 
approximately 1 gm and swelling during development can distort features [121]. 
The etching of SOFC ceramic oxide materials has received little attention in the 
literature. Depending on the method and material it is possible to produce 
under/oversized patterned thin films with various edge qualities. This is of particular 
importance to mechanistic studies where model cathode structures are assumed. 
Etch rates of such ceramic oxides are generally not provided and are therefore 
incomparable at this time. The influence of the thin film microstructure and 
crystallinity on the etch rate and etch progression i.e. isotropic versus anisotropic 
remains an open question. 
Alternatively a physical mask or shadow mask can be used during a PVD process. 
Analogous to a stencil the mask sits intimately on the substrate surface and the 
material is deposited through gaps or 'windows' to define the pattern. The advantage 
of this technique is no additional processing is required that might compromise the 
integrity of the film. However, resolution is limited to roughly 100 gm. Electron-
beam and FIB (Focussed Ion Beam) lithography also exist with appropriate resists 
(using electrons and Gif ions respectively, rather than photons to expose the resist). 
These offer much higher resolution (nm range) but are slow and expensive 
techniques. 
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Figure 2.3: Schematic flowcharts of +ve and —ve photolithography process to fabricate 
patterned electrodes (shown in cross-section). See text for explanation. Note the negative 
resist can be used in the 'resist first' approach to obtain the same pattern. In this case a 
photomask of opposite polarity is required (vice-versa for the 'film first' approach using 
positive resist). 
Moulding techniques, particularly utilising PDMS (polydimethylsiloxane) are based 
on the physical confinement of the precursor (ceramic) material [122]. The use of 
ceramic powders as a starting material can be particularly convenient [51]. Often 
termed as soft lithography, there are different methods of transferring a mould 
pattern. In micro-transfer moulding (Figure 2.4) an elastomeric mould is patterned 
with relief structures on its surface. Firstly, a lithographic master with three 
dimensional patterns is fabricated using conventional photolithography, 
micromachining, or electron beam writing techniques. By cast moulding, a negative 
of the patterns of the master is produced in the elastomeric stamp. The elastomeric 
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stamp material is often PDMS. The PDMS is thermally stable to roughly 185°C, 
thus allowing moderate heat to quickly cure the mould. The material is also isotropic 
and homogeneous, allowing it to be used to pattern over large areas in future 
applications. Features as small as 30 nm have been patterned on a PDMS mould. 
Next, the precursor is loaded on the mould and the excess removed by spin-casting. 
The mould is then pressed against the substrate and finally released and the ceramic 
parts are sintered [122, 123]. The advantage of this technique is that soft lithography 
does not require the use of a clean room or expensive microfabrication equipment 
(besides the manufacture of the master). In addition, the master can be used multiple 
times. For alternative forms of soft lithography such as microcontact printing and 
micromoulding in capillaries (MIMIC) the reader is referred to [122]. 
(b) (a) 	Micro-Transfer Moulding 
irrrry 
Deposit precursor on mo d 
• • # a II * 
Remove excess precursor by sp -casting 
4, 4, 4, 4, 4, 4,  
winionis 
Press mould against subst ate 
■ is is U. • 
Release mould 
Pattern lithographic master 
Pour PDMS onto master a cure 
417# 
Release PDMS mold 
Figure 2.4: Schematic illustration of soft lithography micro-transfer moulding technique 
(a) and PDMS mould preparation (b). Adapted from [122]. 
Microfluidic lithography (µFL) is a technique similar to soft lithography discussed 
above and is outlined by Ahn and Moon [124]. µFL was used by Ahn et al. [125] to 
produce single chamber-SOFC interdigitated electrodes. The µFL device is made of 
PDMS to fabricate ceramic microstructures. Large access holes to the micro channel 
at both ends enable the suspension to be loaded. The device is then placed in a 
vacuum chamber, which enables the gas contained within connected volumes of the 
channel networks to escape. On returning the pressure to atmospheric level, the 
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suspensions from the reservoirs flow in to rapidly fill the voids left within the 
channels (Figure 2.5). This technique enables ceramic structures of high-aspect ratio 
to be integrated into microsystems fabricated with silicon-based techniques and is 
compatible with the entire range of ceramic materials which can be processed to 
colloidal suspension provided they are of relatively low viscosity [124]. 
Figure 2.5: Schematic of the vacuum-assisted 01, with ceramic suspension: (a) PDMS mould is 
prepared via photolithography; (b) PDMS mould is placed on the Si wafer substrate; (c) two different 
suspensions are applied at the entrances of the reservoir and then evacuated; (d) the channels are filled 
by returning the device to atmospheric pressure; and finally (e) the PDMS mould is removed after 
infiltration and drying. Reproduced from [124]. 
Direct-writing techniques can be particularly attractive since there are few processing 
steps involved. They are usually carried out by ink-jet printing using desired 
materials or selective removal using a laser [51]. Both are compatible with ceramics. 
An alternative to this is FIB (Focussed Ion Beam) for direct writing [126, 127]. 
However, Ga+ ions may contaminate the sample (via implantation), whether the FIB 
is used in local milling or local deposition via ion induced chemistry [126, 128]. 
Beckel et al. state that the selective material deposition approach leads to minimum 
typical lateral feature sizes of approximately 100 gm [51] however recently Park et 
al. reported on high-resolution electrohydrodynamic jet printing with a resolution 
within the micrometer range, which shows great potential for the technique [129]. 
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Self-assembly of the precursor material has been shown to lead to films with ordered 
micro or nanostructures however without intentionally forming any shapes [51]. In 
this sense it is not so useful. 
Beckel et al. reported on a novel 'bottom up' technique to microstructure ceramic 
thin films [51]. The structures are prepared by micromachining the substrate using 
the standard lithographic techniques discussed, which guides the assembly of 
ceramic particles into intentionally designed structures of a particular shape. This 
was demonstrated for LSCF deposited by spray pyrolysis onto a 
photolithographically structured Si substrate. When sprayed onto a flat Si surface, 
random shaped 'ridges' are formed. But when sprayed on the structured substrate 
the ridges follow the substrate pattern. An advantage is that the ridges have a lateral 
dimension of 1-2 p.m (the minimum feature size) and form only at the edges of the 
structure so can be some 10 times smaller than the initial structure. However, the 
height is amplified by a factor of — 30x. Although an interesting technique it does 
seem to lack control at the moment e.g. the end result is a pattern that remains a part 
of the entire thin film deposited and is restricted by limitations of the 
photolithography technique to an extent. 
Fabricating interdigitated electrodes of different anode and cathode materials using 
photolithography requires two separate lithographic steps to pattern each electrode. 
In addition, an alignment stage is required to ensure that the electrodes are in the 
desired positions, which can be of very close proximity (down to 15 [im or so). This 
is best achieved by fabricating reference alignment markers. This also applies 
whenever two thin films are patterned on a common substrate where positioning is of 
importance. Finally, it has been documented by Fleig et al. that it is extremely 
difficult to fabricate microelectrodes on thin-film electrolytes [130]. Care must be 
taken to ensure that the integrity of the thin-film electrolyte is not compromised in 
successive processing stages. This is of particular importance since most µ-SOFCs 
consist of thin film electrolytes, whereas many fundamental electrode studies are 
performed on bulk electrolyte supported substrates. However, Ryll et al. recently 
successfully fabricated LSCF thin films on YSZ thin film electrolytes for this 
purpose [131]. 
Table 2.1 summaries some of the patterning processes carried out on SOFC materials 
including LSCF to produce structured electrodes as described above. 
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Material Patterning Method Notes 
1. LSM a.  
b.  
c.  
Photolithography and argon 
ion beam etching [130] 
Photolithography and lift-off 
[132] 
µFL [125] 
a.  
b.  
c.  
Circular electrodes (PLD), 60pm diameter, 100-800 nm 
thick on YSZ substrate 
Sputtered LSM with in-situ annealing. 0.26 pm thick, 50 
gm wide stripes 
IDE, 50 gm width, 34 gm thick 
2. LSCO a. Photolithography and wet 
chemical etching [105] 
a. Sputtered LSCO with IDEs equidistant 'finger' and 
spacing from 15 pm. Etched in dilute 1-1C1. Investigated 
on variety of substrates 
3. LSCF a.  
b.  
Photolithography and inert 
gas ion beam etching [65] 
Topography mediated 
patterning [51] 
a.  
b.  
100 nm thick, 20-100 pm diameter circular electrodes via 
PLD on polished YSZ single crystals 
3 pm thick, 1-2 gm wide ridges formed on patterned 
substrate edges. Deposited via spray pyrolysis 
4. BSCF a. Photolithography and argon 
ion beam etching [110] 
a. 100 nm thick, 20-100 gm diameter circular electrodes via 
PLD on polished YSZ single crystals 
5. SSC a. Deposition through shadow 
mask [87] 
a. 0.8 gm to 4.0 gm thick, 4 mm in diameter electrodes via 
PLD on SDC electrolyte discs 
6. Ni a. Photolithography and wet 
etching [99, 100] 
a. 1 gm thick striped electrodes from 5-878 pm stripe width. 
Etched in dilute nitric acid on single crystal YSZ. No 
problems reported with adhesion 
7. Pt a. Photolithography and lift-off 
[107] 
a. 250 rim thick IDE (smallest feature size 15 pm) deposited 
on 1 µm YSZ thin films. No fabrication problems 
reported 
8. Au a. Photolithography and lift-off 
[107] 
a. 100 rim thick IDE (smallest feature size 15 gm) deposited 
on 1 pm YSZ thin films. Adhesion problems with thicker 
films. 
9. Ag a. Thotomasking technique' 
[88, 133] 
a. By far the largest single structured electrode seen. 
Circular 17.0 mm diameter, 200 nm thick electrodes 
produced by a PVD technique which was then densified 
by electroplating to 20 gm thickness. 
Table 2.1: Summary of some of the patterning of electrodes for (g)-SOFC seen to date. 
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2.3.2.1 Substrate Material 
A suitable ii-SOFC substrate requires chemical and electrical stability along with 
inertness during the sample preparation and operation [106]. Silicon is the most 
obvious material to use as a substrate for R-SOFCs because it is a platform for 
existing micro-electronics. However the processing of SOFCs and the somewhat 
volatile local environment might make it unsuitable. Possible constraints might be 
temperature limitations such as the thermo-mechanical stress (or intrinsic stress of 
the as-deposited film due to its microstructure) or chemical instability of the 
deposited material. In addition, the selection of a substrate is important to the 
electrochemical characterisation of the electrodes [106]. Bieb erle-Hiitter et al. 
suggest that due to the conductive nature of Si, it is important that electrical leakage 
through the substrate remains negligible. For this reason a 11.tm thick Si.Ny film was 
introduced as an insulating buffer layer between the substrate and electrolyte-
electrode bilayer [106]. The authors also report that when depositing 100 nm to 150 
nm thick Lai_xSr„Co03 (LSC) electrodes on different bulk substrates such as SiO2  
and single crystal YSZ via radio frequency (RF) and DC sputtering, SiO2 was found 
to be the most promising substrate material with respect to chemical and electrical 
inertness. However the conclusion was that Si based systems suffer electrical 
leakage to the conductive substrate even with the additional insulating buffer layer 
(possibly due to pinholes) when LSC electrodes are used. Due to interface reactions 
with LSC, YSZ based substrates are not recommended by the author, even when 
coated with a 350 nm thick CGO intermediate layer [105] at temperatures as low as 
500°C. 
A general point to note is that the thermal expansion coefficient (TEC) of Si at 820 K 
is 4.17x 10-6 KT'  [134] This compares with 12.5x 10-6 ICI and 10.5 x 10-6 K-1 for CGO 
and YSZ respectively [77]. This mismatch can potentially cause defects in thin films 
due to fractures or buckling in thermal cycling. 
The OneBat project previously mentioned uses glass ceramic substrates called 
Foturan® due to a similar TEC to the deposited film i.e. SOFC materials [26, 44]. 
Glass-ceramics capable of being photo-structured can be utilised for 
micromachinable substrates for ti-SOFCs. Rapid wet etching during fabrication of 
the free-standing membrane is also an advantage [39]. 
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2.4 	Material Selection For µ-SOFC Cathodes Used In This Study 
There are a number of conventional SOFC materials being investigated in thin film 
form for mechanistic studies but not necessarily for their use as 1A-SOFC cathodes. 
Therefore it is necessary to characterise existing and novel materials alike at reduced 
temperatures as well as assessing the effects of microfabrication processing on 
performance. It is also very important to understand how to produce patterned 
cathodes depending on the material used. Although the production of patterned 
cathodes has been demonstrated, there are few studies that pay particular attention to 
the resulting microstructure and the patterned structure, before and after operating at 
p-SOFC temperatures. Irrespective of the fabrication method and the operating 
parameters the cathode material must still function properly. It should have a high 
electrocatalytic activity towards oxygen reduction, remain chemically stable in an 
oxidizing environment, remain thermally stable (exhibit similar thermal expansion 
coefficients as the electrolyte) and possess high electrical conductivity. 
2.4.1 Thin-Film Silver Cathodes 
Silver (Ag) is interesting as a potential cathode material (or constituent), particularly 
for g-SOFCs, due to its good electrical conductivity (63.7x 106 S in-1) [135], oxygen 
diffusivity [m2s-1] due to the transport of atomic oxygen (Do = 4.98x 10-3exp[(0.50 
0.13 eV)/kBT) [136] and solubility (-10-6 mol./cm3 extrapolated from [133]). This is 
especially advantageous at the lower operating temperatures of µ-SOFCs (-550°C) 
where many ceramic oxide cathodes tend to become less electronically conducting. 
In contrast to conventional SOFCs, R-SOFCs tend to require thin film electrodes that 
are 1 gm thick, or less. Therefore, if silver cathodes are used in thin film form they 
are required to be thermally stable at such operating temperatures. 
Of the limited patterned Ag studies in the literature, Van Herle et al. identified that 
bulk diffusion of oxygen atoms through dense, 19.5 pm thick, 17 mm diameter 
circular Ag as rate-limiting, with a smaller contribution recognized as the 
dissociative adsorption of oxygen molecules on the Ag electrode [88, 133]. It is 
interesting that Ag deposition consisted of a 200 nm seed layer via PVD, 'reinforced' 
- 49 - 
Literature Survey: Thin Film SOFC Cathode Research 
by electroplating the remaining thickness. Structuring was achieved using a 
photomasking technique of which no details are given. However, the study also 
extended to porous non gwd Ag cathodes painted in 1 cm2 area and 11 p.m thick, 
where diffusion was observed to be 'easier' with adsorption of oxygen becoming 
more significant [133]. This indicates that with different electrode microstructures a 
change in the dominating electrode mechanism is possible. In both cases YSZ based 
electrolyte substrates were used. Jimenez et al. [89] on the other hand suggested that 
bulk transport of oxygen is rate determining when non-gwd porous Ag droplet 
electrodes between 0.012 and 0.068 cm in diameter were used with YSZ single 
crystal electrolyte substrates. 	In both cases little data relating to the Ag 
microstructure is presented and impedance measurements were recorded between 
approximately 600 to 850°C. 
Moghadam and Stevenson [137] investigated the oxygen transport mechanism using 
porous 1 i.tm thick sputtered Ag electrodes; however details of the electrode 
geometry are omitted. The authors state that single crystal YSZ electrolyte substrates 
were used to 'make diffusion the most likely rate limiting process' and conclude that 
bulk diffusion of oxygen is the dominant transport mechanism in Ag films. 
2.4.2 Thin Film La„Sri,CoyFei _y03±8 Cathodes 
LSCF is selected as a material of interest due to its high electronic and ionic 
conductivity at intermediate temperatures. With the reduced operating temperature 
of less than 550°C expected for ti-SOFCs, the emphasis is on low-temperature 
performance. LSCF is a state of the art SOFC cathode material that has seen 
preliminary integration in .t-SOFCs [44]. The development of LSCF has progressed 
further compared to newer materials that may be used in the future such as BSCF and 
SSC, however it is important to fully understand the material and its limitations prior 
to commercialisation. In addition, when comparing accepted theories to the 
behaviour of patterned cathodes it is advantageous to utilise the literature already in 
place on the material of interest for validation purposes. BSCF shows faster oxygen 
surface exchange kinetics but the long term stability has not been proven [80]. 
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Research on oxygen reduction at dense LSCF cathodes has mostly been conducted 
on Co rich compositions such as La0.6Sr04Co0.8Fe0.203_,5 deposited on YSZ or CGO. 
Although such a composition tends to yield higher electronic and ionic conductivities 
and lower activation energy for electronic and ionic conduction [138-141] as a result 
of the increased Co content, a composition of the form La0.6Sr0.4C00.2Fe0,803.8 is to 
be used in this thesis since it has a smaller thermal expansion coefficient mismatch 
with YSZ and may be more beneficial to the long-term thermal stability requirements 
of thin films for p.-SOFCs. 	Table 2.2 summarises the properties of 
La0.6Sr0.4C00.2Fe0.803.6 including the oxygen exchange (k) and oxygen diffusion (D) 
coefficients at 600°C. Prestat et al. [68] found the oxygen exchange coefficient of 
thin (60 nm) dense La0.52Sr0.48C00,18Fe0.8203_8 to be enhanced compared to bulk 
samples. A tentative explanation presented is that both k and D are influenced by the 
columnar nanostructure of the thin film (with typical column width 20 nm) which 
therefore has many more grain boundaries that may modify the transport and 
catalytic properties compared to conventional porous SOFC materials with feature 
sizes in the micrometer range. 
T= 873 K k [cm sl D [cm2 s-11 	, a, [S cm-1] al [S cm4] 
Bulk (via tracer expts) 10'7 — 3 x 104 2 x 10-10 
307 [144] 3 x 10-4 [145]3  
Lao6Sr0.4C00.2Feo.803-5 [68, 142, 143]' [68, 142, 143]1  
Thin film (via electro. 
chem.. expts). 4.7 x 10-6 [6812 2.3 x 10-9 [6812 —32 [146] _ 
La0.6Sr0.4C00.2Feo.803-s 
Table 2.2: Summary of the transport properties of bulk and thin film (<60 nm) Lao 6Sr0.4C00.2Fe0.803.6 at 600°C. 
l k* , D* values. 20, Dq values. 3Value calculated from the activation energy of 1.32 eV presented in ref [145]. 
Investigations into the polarisation resistance of LSCF thin film cathodes were 
conducted using circular and square electrodes of diameters ranging from 60 !am to 3 
mm, 16 to 766 nm thickness, over a temperature range of 400 to 750°C [65, 68, 141]. 
Where the cathode size was varied (in studies with a Co-rich composition) [65], the 
oxygen surface exchange reaction was found to be rate limiting with the bulk 
diffusion pathway remaining preferable. The geometry allowed for a change in total 
tug of order 10-5 m to 0-4 m and current collection was achieved by means of 
external probe needles positioned by micromanipulators. Such iTPBs are very short 
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and this range may be too small to observe a conclusive correlation of LSCF 
polarisation resistance, likewise for a correlation with LSCF active areas (the 
surfaces of LSCF exposed to the gas phase). The aforementioned patterned LSCF 
studies do not explicitly report a correlation between active areas and or trpg with the 
polarisation resistance. Where the LSCF thickness was varied (in studies with a Fe-
rich composition) [63, 68] the polarisation resistance was observed to increase with 
the thickness (with a quasi-linear dependence) at 500°C and 600°C confirming the 
dominance of the bulk pathway. The determination of the oxygen reduction reaction 
by varying the surface area of Fe-rich LSCF such as La9,6Sr0.4C00.2Fe0.803 remains to 
be seen. It is also beneficial to employ a larger electrode area than previously seen in 
such studies to enable a better signal to noise ratio. In addition, the method of point 
contact current collection used may have led to heterogeneous potential and current 
distribution within the electrode, which may have affected the electrochemistry in an 
unknown manner. As discussed in section 2.2.1.1, a current collection method that 
does not compromise the true electrochemical performance is yet to be shown. 
Therefore, it is important to verify these results with a novel current collecting 
methodology. 
The range of ASRs for bulk La0.6Sr0.4Co0.2Fe0.803 at different temperatures was 
compiled by Beckel [80] and is adapted in Table 2.3. There is limited ASR data for 
thin films of this composition in the literature. There is quite a large scatter in ASR 
values for cathodes of the same stoichiometry, likely due to differences in their 
preparation i.e. deposition method and anneal temperature, which results in a 
different microstructure. The difference in ASR is more pronounced at low 
temperatures for bulk samples and films. 
Material: 
L ao6Sro4Coo 2Feos03 
400°C 650°C 800°C 
Bulk 
ASR [S2 cm2] 
17 — 104 
[69, 142] 
0.09 — 6.5 
[69, 142, 147- 
149] 
0.01 — 0.52 
[142, 147, 150] 
Films (< 10 1.un thick) 
ASR [SI cm2] 
—900 — 1677 
[80, 1511*  
—0.65 — 6.2 
[80, 151] 
0.04 — 0.75 
[80, 151]*  
Table 2.3: ASR of bulk Lao 6Sro4Coo2Feo 803 between 400°C and 800°C as compiled 
by Beckel [80]. * Extrapolated values. 
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2.5 Summary 
Although conventional SOFC cathodes tend to be thick (> 1 pm) and porous, thin, 
dense geometrically well-defined cathodes have been utilised for two main purposes: 
(i) for fundamental studies on the reaction kinetics of SOFC cathode (and anode) 
materials (ii) for use in g-SOFCs. Many researchers have attempted to establish the 
rate limiting steps of the oxygen reduction reaction process of numerous existing and 
new SOFC cathode materials. However, it is clear that thin films may exhibit 
markedly different 'microstructures' with nano-sized features. This undoubtedly 
results in a different electrical and electrochemical performance compared to the bulk 
case. It is therefore important to realise that such studies are more beneficial towards 
the use of these materials in a similar environment i.e. in the form of a thin film for 
g-SOFCs. 
Few fabrication-related studies are documented in the literature for the production of 
geometrically well-defined cathodes. Photolithography and etching processes are 
frequently utilised, however little investigation of the resulting patterned structures or 
the influence of the processing on the thin films has been demonstrated. 
The thermal stability of metallic thin films has received recent interest from the 
SOFC community due to the reduced operating temperatures proposed for p-SOFCs. 
Noble metals such as Pt and Ag remain catalytically active at lower temperatures and 
are thus of interest. Metallic thin films on ceramic substrates are known to de-wet 
upon annealing, resulting in their agglomeration to isolated islands in the equilibrium 
state. The thickness range and operating temperature permissible for such materials 
remains unclear. 
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Experimental Techniques Employed 
A description of the methodology and an explanation of the key experimental 
techniques used in this work are presented in the proceeding sections of this chapter. 
Where a particular experimental technique is used on a number of occasions in the 
thesis, the specific experimental parameters/details are provided in the relevant 
chapters. 
3.1 	Preparation of Single Crystal YSZ Substrates 
In both studies of Ag dewetting and the fabrication of patterned LSCF cathodes, 
polished (both sides) single crystal yttria stabilised zirconia (YSZ, 9.5% Y-doped) 
(100) substrates (PI-KEM) were utilised. For studies of Ag dewetting 5 mm2 x 0.5 
mm thick substrates were diced into 2.5 mm2 x 0.5 mm thick substrates using a low-
speed diamond edge circular blade to maximise the use of materials. For patterned 
LSCF studies, as-delivered 21 mm2 x 0.5 mm thick YSZ substrates were used to 
accommodate the dimensions of the impedance spectroscopic testing rig used 
(section 3.8). 
All surfaces exposed to ambient air and through general handling may become 
contaminated by organic materials such as oil, largely from machining and 
fingerprints and water from adsorption of atmospheric moisture. Therefore, prior to 
thin film deposition, all substrates were cleaned in two stages. First, substrates were 
degreased in successive ultrasonic baths of 5 minute duration in acetone, isopropanol 
and de-ionised water to remove the outermost layers of organic contamination and 
dried using filtered, compressed nitrogen. Secondly, the substrates were further 
cleaned in a (static) mixture of hydrogen peroxide and sulphuric acid (H202:H2SO4, 
1:3 respectively) for 15 minutes, rinsed in de-ionised water and dried using filtered 
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compressed nitrogen. This removes all remaining organic material, however, no 
reaction with the substrate was observed. 
3.2 	Thermal and Electron Beam Evaporation of Silver 
Thin film deposition by evaporation is a physical vapour deposition (PVD) 
technique, where atoms are transported in the gas phase from a molten source to a 
substrate, where it condenses. 
Thermal evaporation was carried out using Edwards A306 Evaporator and electron 
beam (e-beam) evaporation was carried out using Edwards A500 Electron Beam 
Evaporator for the deposition of silver on YSZ substrates and Si test substrates. Both 
thermal and a-beam evaporation was performed in a vacuum environment with base 
pressures of 5.0 — 8.8 x 10-7 mb and 8.8X10"7  mb, respectively. A high vacuum (low 
pressure) is essential to ensure the source material is not scattered by air molecules 
and other foreign particles as it is transported to the substrate and to ensure no 
chemical reaction takes place, such as oxidation. Such a vacuum usually allows a 
mean free path greater than the source — to — substrate separation. The source — to —
substrate separation was 28.5 cm and 25.0 cm for thermal and a-beam evaporation 
respectively. 
Thermal and a-beam evaporation are very similar thin film deposition methods 
mostly used to deposit metallic films. The main difference between the two 
techniques is how the metal is melted. In thermal evaporation, the source material 
(silver, Ag) is placed in a (tungsten, W) 'boat' or 'basket' with higher melting point 
than the source material i.e. 961°C and 3422°C respectively. A boat was used in this 
case and was loaded with Ag wire pieces of 99.99% purity (Advent Research 
Materials Ltd.), approximately 2 mm in length (0.5 g in total). The boat was 
mounted between two electrodes and a current was passed through it until sufficient 
electrical heating resulted in the melting of Ag. In e-beam evaporation an electron 
beam is focussed onto the source i.e. an Ag pellet, which is placed in a crucible 
(often ceramic but carbon based FABMATE® (Kurt J. Lesker) was used in this case) 
and melts due to the intensity of the focussed a-beam that can reach 15 keV. 
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All substrates were placed at the same radial distance from the centre of a rotating 
substrate holder to ensure a constant deposition rate. The deposition rate was 
monitored using a quartz crystal thickness monitor. Since the thickness monitor 
cannot be located at the same position as the substrate, the tooling factor (the ratio of 
the actual measured thickness to the thickness determined by the thickness monitor) 
is tuned to produce accurate thicknesses and deposition rates. If the thickness 
monitor is located above the substrate i.e. has a larger distance from the source then 
the increased scattering of material in the vapour phase will result in an 
underestimate and vice-versa. A schematic diagram of the generic evaporation 
process is shown in Figure 3.1. 
Substrate holder and 
substrates 
Thickness 
monitor 
Molten Ag ` 
\\j  
r—/ Electrodes ---> 4  
E-beam 
Open shutter 
Tungsten boat 
Figure 3.1: Schematic diagram of the thermal evaporation process with the crucible 
used in the e-beam process shown inset. The substrate holder is rotated to ensure the 
substrates are incident to the same quantity of material on average. 
3.3 	Pulsed Laser Deposition of Lao Sro 4Co0.2Feo 803  
Pulsed laser deposition (PLD) is a PVD process where a pulsed laser beam, typically 
in the UV range is used to ablate a target formed of the desired material for the thin 
film and is then deposited on the substrate. PLD is particularly attractive because of 
the precise stoichiometric control it offers from a single target [152]. In a similar 
way to sputtering any material may be ablated. 
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The PLD setup used (shown in Figure 3.2) consists of a vacuum chamber (where up 
to six targets are loaded horizontally) a substrate holder and substrate heater, which 
are separated by approximately 5 mm and located above and parallel to the target. 
The chamber features a UV-transparent window whereby the laser enters after being 
focussed by a UV-transparent lens onto the target. The optical system also consists 
of two mirrors to (re)direct the beam since the laser source is located beneath the 
chamber. The resulting optical path reduced the laser energy by 20% since energy is 
attenuated by each optical element. Therefore the laser energy at the target position 
must always be measured, rather than at the source. 
In the PLD process a laser beam ablates a rotating target, producing a plume 
comprising of atoms, molecules, electrons, ions and clusters that expand in the form 
of a narrow jet which is incident on the substrate material [39, 153]. The laser-target 
interaction is a complicated physical process which is still not wholly understood, 
although a number of models are presented in the literature. Upon absorption by the 
target material the incident laser pulse/electromagnetic energy causes an electronic 
excitation, followed by very fast heating of a significant volume/mass of the material 
leading to its evaporation. This may result in local phase transitions and thermal 
shock in the target material. The initial material ejection has a timescale of 
picoseconds (10-12 s). Therefore, unless a very short duration ( < 1 ps) laser pulse is 
used, the initial plume is irradiated by part of the incident laser pulse and in most 
cases is absorbed and leads to excitation and ionisation of species in the plume [153]. 
The initial stages of the pulsed laser ablation event are shown schematically in Figure 
3.3 (a-d). 
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Mirror 
Focussing lens 
Substrate heater 
Substrate holder 
mounts 
Ablation plume 
Target 
Rotating multi-
target carousel 
Pulsed laser 
beam 
Shutter 
Figure 3.2: Photograph of the inside of the PLD vacuum chamber. The target 
carousel, heater and substrate holder mount are visible. The laser beam (the path 
is superimposed) is incident on the target at 45°. The plume (superimposed) is 
ejected perpendicular to the target and directed to the substrate, which is mounted 
8.5 cm vertically above. 
(a) 
   
(e) 
     
     
  
    
Figure 3.3: Schematic illustration showing the key elements of the pulsed laser ablation event. (a) 
Incident laser radiation is initially absorbed, with preliminary melting and vaporisation. 	(b) 
Vaporisation continues and a melt front spreads into the solid target. (c) The absorption of incident 
beam by the expanding plume results in plasma formation. (d) After the laser pulse the melt front 
diminishes and re-solidifies (e) Two laser ablation craters on a polymer target measuring 1.4x 1.3 mm. 
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Performing PLD in a background gas of oxygen helps to maintain the oxygen 
stoichiometry of the deposited layer. At high deposition temperature (>600°C) and 
in vacuum conditions, PLD usually results in oxygen-deficient films. The particular 
plume dynamics may have a large impact on the quality of the deposited film e.g. 
density, surface roughness and stoichiometry. A higher oxygen partial pressure will 
reduce the expansion of the plume and the effective surface area of deposition. 
During the ablation process, the ejected target material forces the gas (oxygen) in 
front of it forwards, with the gas becoming so compressed that a shock wave is 
formed [154-156]. As the plume continues to expand, its pressure decreases as a 
result and the diffusion of ablated target material species into the background gas 
occurs. In addition to this various 'reactive-collisionar processes lead to the 
dissociation of molecular oxygen [154]. Visible light is emitted during expansion of 
the plume in the background gas resulting from multiple particle collision processes, 
as ablated species in an excited state fall to a lower energy state accompanied by the 
emission of photons. This is particularly prominent in the expansion front of the 
plume. 
It is suggested by Chen et al. [157] that the shape of the plume may reveal 
information regarding reactions occurring at the plume front. Broadly speaking two 
plume shapes occur depending on whether or not interactions between the ablated 
species and the ambient gas (oxygen in this work) are reactive and non-reactive. 
Non-reactive interactions may occur if the ablation is performed in an inert gas or 
low oxygen pressure (tens to a few hundred mTorr). In this case, scattering 
processes result in an approximately spherical plume, but a compressed plume 
(increased width and decreased length) is observed under higher pressure. Inelastic 
collisions between ablated species and the background gas molecules lead to 
chemical reactions and the formation of clusters of increased mass (relative to the 
ablated species), which are consequently less scattered. This results in a very 
forward elongated plume of reduced width [157]. 
The target-to-substrate distance is critical to the morphology of the thin film 
produced since it influences the kinetic energy of the final depositing species. In 
addition to this by increasing this distance one enlarges the surface area over which a 
homogeneous thickness is obtained. Di Fonzo et al. [158] and Bailini et al. [159] 
utilised a dimensionless parameter, L, relating the visible plume length, l,, with the 
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target-to-substrate distance c/Ts as L = drslip to determine the morphology of PLD 
oxides ranging from compact films to films with an open structure. Three deposition 
regimes can be identified [154]: (i) dTs < /p i.e. L<1, (ii)c/Ts > 1p i.e. L>1 and (iii) C1TS 
1p i.e. L-1. 
If L<1 i.e. case (i) proceeds, the substrate is located where the ablation plume is 
supersonic in nature. Both the kinetic energy of ablated species and the mobility of 
depositing species at the substrate surface remain high due to weak interactions 
between the ablated species and background gas molecules. The formation of 
smooth and compact films is expected with non-stoichiometric compounds. 
If L>1 i.e. case (ii) the substrate is located beyond the shock front of the ablation 
plume. At this position, collisions with gas molecules results in a loss of kinetic 
energy of the ejected species, which are transported to the substrate via diffusion. 
Thin films with open 'sponge-like' structures are produced with a high degree of 
porosity and large surface area. 
For L-1 i.e. case (iii) the substrate is located at or close to the shock front in a 
threshold condition. With high kinetic energy of the ablated species, compact 
columnar structures often result. Significant interaction between ablated species and 
background gas molecules occurs resulting in the expectation of stoichiometric 
compounds [160, 161]. The target-to-substrate separation was selected to produce 
thin films in this regime in this work. 
It is important that the target is greater than 90% of its theoretical density in order to 
avoid particulate ejection. In porous targets, localised laser induced heating leads to 
a high expansion rate of gas pockets just beneath the surface, which ejects the surface 
material upon its rupture. At the laser energies used in this work, particle deposition 
was rarely observed. This is a crucial issue since such defects increase surface 
roughness and reduces the integrity of the film. In addition to this it is not known 
how such defects may affect the isotropy of etching processes. With particulates up 
to a few microns in size, a large density may limit the minimum pattern feature size 
as the resulting structures may deviate from the model design. 
The PLD was used for the deposition of LSCF thin films between 100 nm and 870 
nm thick, deposited at a substrate temperature of 600°C in 100 mTorr of oxygen with 
a pulse frequency of 10 Hz, pulse duration of 20 ns and fluence of 2.95 J/cm2 (95 mJ 
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laser energy into 1.4x2.3 mm spot size) using a KrF 248 nm excimer laser 
(SURFACE). The films were cooled to room temperature under vacuum conditions 
(3 x le mTorr) at 10°C/min. The target-to-substrate distance was 8.5 cm to ensure a 
relatively homogeneous film (+5% at 400 nm) over 0.8 cm2, which resulted in a 
deposition rate of approximately 1.28 nm/pulse. Various LSCF thicknesses were 
determined as a function of the number of laser pulses (Figure 3.4) fired to determine 
a constant deposition rate at two different laser energies. The increased laser energy 
increases the fluence and the deposition rate. Upon extended exposure to different 
atmospheric conditions between depositions, the target was heated to the deposition 
temperature and pre-ablated with 1000 pulses to remove any accumulated layers of 
contamination with the shutter closed. 
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Figure 3.4: Thickness of LSCF determined by SEM cross-sectional analysis as a function of the 
number of laser pulses fired at two laser energies. 
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The temperature of the substrate is a crucial parameter directly affecting the 
crystallinity of the deposited film. Films deposited on substrates at room temperature 
tend to be amorphous. The crystallinty of such films is often improved by deposition 
at higher substrate temperature. It is therefore necessary to accurately determine the 
temperature of the substrate during deposition. 	The supplied in-situ PLD 
thermocouple resides at the heater, which is separated from the substrate by a few 
mm. A K-type thermocouple was attached to the YSZ single crystal substrate and 
placed at the desired target-to-substrate position. That is, chromel and alumel wires 
of 0.25 mm thickness were uniaxially pressed (flattened) and spot welded together, 
before being attached to the YSZ by a very small amount of Pt paste and fired at 
120°C for 30 minutes. The temperature at the heater was over 100°C greater than at 
the YSZ surface. 
Although the PLD is not considered as a manufacturing method for cathodes (the 
plume size enables surface coverage with uniform thickness limited to a few cm2) it 
is a good laboratory technique that produces high surface smoothness comparable to 
that of sputtering. It is a useful tool in preparing novel electrode compositions and 
structures for use in fundamental reaction mechanism studies as discussed earlier 
[39, 114]. 
3.3.1 Ceramic Powder Processing: PLD Target Preparation 
All LSCF films were laser-ablated from a La0,6Sr0.4Coo.2Fe0.803 target. In order to 
form the target, 10.4 g of commercially available starting powder (Praxair) was 
uniaxially pressed with 20-30 MPa pressure for 5 min. in a die of 25 mm diameter 
and then isostatically pressed with 256 MPa for 3 min. The pellet was then sintered 
at 1250°C in air for 4 hrs with 3°C/min and 5°C/min heating and cooling applied 
respectively. To ensure a smooth surface, the targets were manually ground in a 
`figure-8' motion on 800-to-1200 grit silicon carbide paper with a few drops of 
distilled water to prevent soiling of the paper. 
The density of the target ( bulk ) was measured using Archimedes's principle, using 
the measurement process described in reference [162] and described as follows. 
Three different values of the mass of the target were measured: mass in air (open 
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pores) ml , mass in water (with all pores filled with water) in2 and the mass in air 
(with all pores filled with water) m3, as related in Equation 3.1: 
ml  
Pbulk = X A m3 — 1112 
Equation 3.1 
where A is the density of water at 25°C. 
A digital balance was used with a constant water temperature of 25°C (since the 
density of water varies with temperature). To fill all available pores with water the 
targets were placed in a crucible and submerged in distilled water. Following this 
they were evacuated for 30 min until all bubbles were seen to rise to the surface. All 
measurements were standardised by allowing the scale reading to stabilise after 10 
seconds. A pellet with greater than 95% of the theoretical density (6.36 g/cm3) was 
formed. 
3.4 	X-Ray Diffraction 
X-ray diffraction (XRD) was used to reveal information regarding the chemical 
composition and crystallographic structure of materials used in this work including 
Ag, La0.6Sr0.4Co0.2Fe0.803 and single crystal YSZ (9.5 mol% Y-doped) in bulk and 
thin film form. The advantage of XRD is that it is a non-destructive technique which 
may be applied before, during and after experiments, usually without any effect to 
the material structure. 
XRD relies on the three-dimensional distribution of atoms in space which forms a 
crystal lattice e.g. cubic, rhombohedral etc. with material-specific lattice parameters. 
The arrangement of atoms is such that a series of parallel crystallographic planes 
separated by a distance d also varies depending on the material. However, these 
crystallographic planes exist in various orientations each with specific interplanar d-
spacing. 
The principle of XRD is based upon the interaction (elastic scattering) of incident X-
ray electromagnetic radiation with matter. X-rays are scattered elastically by 
electrons, which oscillate at the same frequency as the incoming beam. The 
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oscillating charge then emits radiation of the same wavelength as the primary beam. 
By consideration of the geometry, when a monochromatic X-ray beam (a wave train 
of parallel waves) of wavelength A is incident on a crystalline material at an angle 0 
to the normal, the wave (1) is reflected from a crystallographic plane (Pi) at the same 
angle i.e. wave ['(Figure 3.5). When a second parallel wave (2) is reflected from the 
second crystallographic plane (P2) a reflected beam of maximum intensity will occur 
when reflected waves 1' and 2' are in phase. This requires that the total difference 
in path length between 1--).1' and 2—÷ 2' (A1 + A2) is an integral number (n) of 
wavelengths. In other words, diffraction occurs with constructive interference given 
the condition that Bragg's law is satisfied [163]: 
n A = 2d sin Equation 3.2 
1'  
2'  
P1 
P., 
Figure 3.5: Schematic representation of a wave train formed of two parallel monochromatic X-rays 
of wavelength incident on two crystallographic planes P1 and P2. When the Bragg condition is 
satisfied the reflected waves 1' and 2' in the beam interfere constructively with maximum intensity. 
One can vary the angle of incident X-rays such that the diffraction conditions of 
Bragg's Law are satisfied by different d-spacing. Therefore, the diffraction pattern 
obtained in plotting the angular positions and intensities of the resultant diffracted 
peaks of radiation is unique to the material. If various phases are present in the 
sample, the resultant diffraction pattern is formed by addition of the separate 
patterns. 
XRD was performed using SIEMENS Kristalloflex Diffraktometer D5000 (ETH 
Zurich), in air at room temperature. A step size of 0.02° and time per step of 16 s 
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was used over the range 5° to 90°, 20. The samples were always fixed in the same 
position, parallel to the sample holder using a small amount of Plasticine not visible 
to the X-ray source i.e. beneath the sample. Samples were rotated during each scan 
in order to maximise the reflections of incident X-rays meeting the Bragg condition 
by ensuring the whole sample is equally exposed on average. In order to generate X-
rays, the voltage and current settings were 40 kV and 30 mA, respectively. 
A Si calibration standard was used to correct for any alignment issues between the 
diffractometer and detector by utilising the known positions of strong diffraction 
peaks. 
3.5 	Scanning Electron Microscopy 
Scanning electron microscopy (SEM) was used to investigate the microstructure and 
topology of various materials, including as-deposited and processed (heat treatment, 
photolithography and etching, electrochemical measurements etc.) thin film Ag, 
photoresist and LSCF prepared on single crystal YSZ and Si/Si3N4 substrates. 
Scanning electron microscopy is generally a non-destructive technique used to reveal 
information about a specimen including external morphology, chemical composition 
and crystalline structure and orientation. High-energy electrons (typically —30 kV) 
are produced thermionically by an electron gun or via field emission, accelerated by 
a large voltage difference between an anode and cathode and electromagnetically 
focussed to a very small spot by a system of condenser and objective lenses. The 
spot size largely determines the spatial resolution, however the interaction volume 
due to the electron beam interaction with the specimen also has an effect [164]. 
Imaging is achieved via the detection of the various signals produced by electron-
sample interactions as the incident electron energy is dissipated. Secondary electrons 
emitted from the K-shell of sample atoms after being excited by incident electrons 
are used for surface morphology and topography imaging. Backscattered electrons 
result after incident electrons scatter back after several collisions with specimen 
atoms. This is manifested by contrast imaging since the electron beam is reflected or 
backscattered more by heavier elements (greater atomic number) with more electrons 
due to electrostatic repulsion and thus the image appears brighter. The advantage of 
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backscattered imaging is that it allows one to better determine different phases or 
impurities in the material. Characteristic X-rays from up to 5 gm below the surface 
are produced when electrons excited to higher energy levels in the sample atoms by 
incident electrons return to lower energy levels. Since the atomic energy levels 
associated with each orbital is discrete and characteristic of the element, the X-rays 
are therefore characteristic of the element. This is the basis of energy dispersive X-
ray spectroscopy (EDS) which can yield compositional information and elemental 
mapping. The various electron-sample interaction schemes described above are 
shown schematically in Figure 3.6. 
Incident 
electrons 
Figure 3.6: Schematic illustration of the various electron-sample interactions which lead to the 
emission of secondary electrons, backscattered electrons and characteristic X-rays. 
The JEOL JSM 5610 LV SEM used in this study for low resolution work has a 
maximum resolution of approximately 3.5 nm giving a practical magnification up to 
100,000x in optimal operating conditions. The LEO 1525/1530 Gemini FEGSEM(s) 
used in this study for high resolution work has a resolution of 1.5 nm and practical 
magnification up to 500,000x. This is mostly due to the field emission gun, which 
produces an electron beam smaller in diameter, more coherent and greater current 
density and brightness than conventional thermionic emitters. 
Operating conditions varied depending on the materials used but in general for the 
JEOL 5610 LV, a working distance (WD) of 12 mm, an accelerating voltage of 20 
kV or 17 kV for Si and YSZ respectively and aperture size of 30 pm was used in 
secondary electron detection. For the LEO 1525 & 1530 WD of 6-8 mm, 5 kV 
accelerating voltage and aperture size of 30 pm was used in high-resolution 
- 66 - 
Experimental Techniques Employed 
secondary electron detection mode. All focussing was carried out at each 
magnification stage, correcting for astigmatism (elliptical rather than a circular 
beam). 
SEM relies on an electron beam penetrating the sample, scattering and losing energy 
to a depth of 5 gm or so. The electrically insulating nature of YSZ usually results in 
charging, leading to poor contrast. The entire sample was coated with a thin layer 
(-20 nm) of Pt via sputter deposition such that a conducting path was established to 
the sample holder, which was earthed. 
Cross-sections of bulk samples were created by allowing the sample to stand in a 
mixture of epoxy resin and hardener in the ratio 100:39 for 24 hours at RT (room 
temperature) after evacuating to remove bubbles. After sectioning with a diamond-
edged rotary blade, the surface was manually ground by hand with 1200 grit silicon 
carbide paper as described by Chinn [165] and then polished in succession using an 
automatic lapping and polishing unit with 6 gm, 3 gm, 1 pm and 0.25 pm diamond 
pastes on separate lapping plates (to prevent contamination) for 30 min per polishing 
step. The specimen was cleaned in an ultrasonic bath of isopropanol for 5 minutes 
between each polishing step. Again the sample was coated with gold before 
imaging. Fracture sections of thin films on Si3N4 and YSZ substrates were prepared 
for SEM, otherwise Zeiss NVision 40 focussed ion beam (FIB) was utilised using 
Ga+ ions for precise sectioning and polishing (at 10 pA current) of the films. 
3.6 	Photolithography and Etching 
3.6.1 Overview 
Photolithography and etching was used as the primary method of patterning LSCF 
thin films in this work. The principle of the photolithography technique was 
described in section 2.3.2 of Chapter 2. This is broadly expanded upon with 
relevance to the techniques used in this work. The optimal fabrication parameters 
were obtained in an extensive continuous development process (see section 6.5) and 
often deviated from the manufacturer's recommendations. This is largely since 
photolithography and etching processes are widely used in the semiconductor micro- 
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electronics industry, where different materials and substrates are used as standard. 
Microfabrication involving the use of ceramic oxide thin films and substrates is 
relatively new and therefore requires the development of existing processing 
techniques such as etching; especially as new fuel cell materials are engineered. 
As previously discussed, in general a thin film may be patterned using 
photolithography techniques in two processes. In the first instance the thin film is 
first deposited on the entire substrate/previous layer (positive process). Photoresist is 
applied and structured to form an image of the desired structure (described below) 
and the film is selectively 'wet' or 'dry' etched to remove regions unprotected by the 
photoresist. The photoresist is then 'stripped' to reveal the patterned film. In the 
second instance, photoresist is applied on a blank substrate (or previously structured 
layer) and structured to leave an inverse or negative of the positive photoresist 
pattern i.e. regions that define the structure are open and unprotected. The desired 
material is then deposited in these regions and the photoresist is removed or 'lifted 
off' to reveal the defined thin film structure. Both photolithography processes were 
utilised in this work. A positive process was used to structure LSCF cathodes since 
the organic based photoresist is unstable at the substrate temperature of 600°C seen 
during the PLD process. In order to structure Au current collectors on top of 
previously structured LSCF, a negative process was used since considerable etch 
control and selectivity is required to wet-etch a precise thickness of material without 
affecting the underlying material. A schematic flow diagram of the entire fabrication 
process starting after the deposition of the LSCF thin film on 21 mm2 x 0.5 mm thick 
YSZ substrates is shown in Figure 3.7. Details of the LSCF cathode, Au current 
collector and cell design are presented in Chapter 6. 
LSCF thin films were structured on both sides of the polished single crystal YSZ 
electrolyte substrate i.e. into finely patterned working electrodes with variation in 
geometry and a fixed counter electrode design; a solid 1 cm2. To avoid damage to 
the fine structures of the working electrode, the counter electrode was always 
structured first prior to the PLD of the working electrode film on the opposite side. 
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Figure 3.7: Schematic illustration/flowchart of the microfabrication process. The sequence of 
steps for LSCF and Au patterning are shown in (i) and (ii) respectively, with (ii) occurring after 
(i). 
3.6.2 Photoresist Pattern Transfer: Exposure and Development 
LSCF films were patterned within 1 cm2 areas to produce geometrically well-defined 
(gwd) model cathode structures consisting of a series of stripes and gaps. 
Photolithography and etching in a class 1000 cleanroom at constant temperature and 
humidity was used. The LSCF film thickness was determined by SEM, FIB and 
surface step profiling (Alpha-Step 500) techniques. The photolithographic process 
begins with the application of photoresist to the sample. This is achieved using a 
photoresist spin coater. However, it is essential that no moisture or dust particles 
exist on the sample surface. The moisture will affect the photoresist properties and 
other contaminant particulates covered will lead to a non-uniform coating and is 
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manifested in the final structure. In effect, spin coating is one of the most important 
stages of the photolithography process. To remove moisture, samples were placed 
on a hot plate at 180°C for 10 min. A filtered nitrogen line was used to remove 
possible dust particles on the surface. Positive photoresist (Microchemicals AZ® 
1518) and negative photoresist (micro resist technology GmbH, ma-N 1410) were 
used for positive and negative processes, respectively. In both cases, 30-40 ml of 
photoresist was dropped onto the sample surface ensuring no bubbles were visible. 
A pre-spin at 3000 RPM for 3 s and 2000 RPM for 3 s for the positive and negative 
photoresists helped to spread the resist. This was followed by a main spin at 4000 
RPM for 30 s and 3000 RPM for 30 s for positive and negative photoresists 
respectively in order to produce a homogeneous layer of photoresist. This is 
important since the exposure and development may vary as a function of photoresist 
thickness. After allowing the photoresist to stabilise for 5 min. it was 'soft baked' on 
a hotplate at 100°C for 120 s and 120°C for 90 s for positive and negative photoresist 
respectively. This strengthened the photoresist since contact with the photomask 
during exposure would otherwise deform the layer. 
To obtain the best image of the photomask the flat photoresist surface should be in 
vacuum contact with the photomask during UV exposure. The larger the separation 
between the photomask and the sample, the less defined the image becomes. The 
projection of a straight edge will become more diffuse due to diffraction effects. 
After spinning, photoresist tends to coagulate at edges and corners of the square 
substrate, up to 2µm above the nominal surface. It was therefore necessary to 
remove the photoresist that built up at the edges and corners of the sample prior to 
the main exposure, either by an additional exposure/development step or using a 
swab (see Figure 3.8). In addition to this it is important that the substrate is flat to 
ensure homogeneity in the pattern resolution across each sample/substrate. 
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Figure 3.8: Schematic illustration of the selective exposure of photoresist through a brightfield 
photomask. The effect of edge beading is shown in (a), where the photomask is not in contact 
with the main photoresist surface resulting in an ill-defined image of the pattern above. In (b) the 
edge beaded photoresist is removed with the photomask now in close contact with the surface. A 
good image with defined edges results. 
Alignment and exposure was performed using a Karl Suss MA6 Mask Aligner. A 
misalignment of approximately 1 — 5 pm between LSCF and Au films on the same 
side was achieved, whereas a misalignment less than 20 gm for LSCF working and 
counter electrode films on opposite sides of the YSZ electrolyte/substrate was 
achieved. The cell design is qualitatively described in Chapter 6. 
The optimum exposure (energy/unit area) of positive photoresist AZ® 1518 was 73.6 
mJ/cm2 determined via an iterative process of varying the exposure time. For a 
typical 200 W UV lamp intensity measured as 9.6 mW/cm2 (at 405 nm) the exposure 
time is a ratio of the exposure and intensity i.e. approximately 7.7 s. The optimum 
exposure of negative photoresist ma-N1410 determined in a similar iterative process 
was 390 mJ/cm2. 
In the 'positive' process, a brightfield photo mask with the desired pattern in chrome 
(opaque to UV radiation) and positive photoresist was used. In principle a darkfield 
mask with the pattern defined by transparent glass regions combined with negative 
photoresist can be used provided no undercutting of the photoresist occurs. This is 
unorthodox and not used since alignment in the exposure process is made more 
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difficult (by most of the mask being opaque) and negative photoresists are often 
utilised for producing an undercut for lift-off. 
Positive and negative photoresists were developed for 60 s in AZ® 726 MIF 
(Microchemicals) and 90 s in ma-D533s (micro resist technology) respectively in a 
fresh batch of the developer solution for consistency. Films were rinsed for 30 s in 
deionised water and dried with filtered nitrogen. A final flood exposure of the 
positive photoresist for 1 min was performed after the photolithography process to 
deactivate it from further exposure. The development time was also optimised in an 
iterative process to produce resist structures that were an accurate reproduction of the 
mask design. The optimal photolithography 'recipe' i.e. parameters used to define 
the positive photoresist mask are summarised in Table 3.1. 
Photoresist 
Dehydration 
Temp. 
[°C]/Time 
[min] 
Pre-spin 
Speed 
[rpm]/Time 
[s] 
Main-spin 
Speed 
[rpm]/Time 
[s] 
Soft bake 
Temp. 
[°C]/Time 
[s] 
Main 
Ex posure 
[mJ/em2 ] 
Development 
Time [s] 
Hard bake 
Temp. 
rCl/Time 
Isl 
AZ1518 
(+ve) 
180/10 3000/3 4000/30 100/120 73.6 60 100/50 
ma-N1410 
(-ye) 
180/10 2000/3 3000/30 120/90 390 90 - 
Table 3.1: Summary of optimised photolithography recipes for positive and negative photoresists. 
3.6.3 Lift—Off 
A photolithographic lift-off procedure was used in the patterning of Au thin films. 
Negative photoresist was used to provide an undercut of approximately 1µm as 
shown in Figure 3.9 such that Au could be deposited in developed 'open' regions. 
Note, Au deposition was achieved using a sputter coater used for SEM sample 
preparation. Au was sputtered in an Ar atmosphere of 5x10-2 mb with 60 mA current 
and deposition rate 0.46 nm/s yielding 365 nm thick films. Any Au deposited on top 
of undeveloped photoresist is consequently 'lifted off' when the photoresist is 
dissolved in acetone at 50°C for 30 min followed by 2 min. ultrasonic agitation at 
132 kHz. The undercut region circled in Figure 3.9 is usually not coated with the 
deposited material and is a weak point which is attacked by the solvent. Only the Au 
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not in contact with the photoresist remains after successful lift-off. The minimum 
Au stripe width realised was 10 p.m. 
Au 
Undercut in 
photoresist Patterned LSCF 
YSZ 
Figure 3.9: Illustration of an idealised undercut (circled) in negative photoresist used to 
pattern Au on top of a previously patterned LSCF layer. 
3.6.4 Etching 
3.6.4.1 Wet Etch 
LSCF was wet-etched in a diluted HC1 solution (HC1:H20 1:2) for 1 to 2.5 min., 
rinsed in DI water and dried with filtered nitrogen. An etch rate of approximately 
400 nm/min was determined. The chemical etchant selectively attacks the LSCF 
whilst the photoresist and YSZ substrate remain stable. Post etching, the photoresist 
is dissolved in acetone leaving only the structured LSCF on the YSZ substrate. 
Preliminary wet-etching of Ag was attempted and is reported in Appendix (i). 
3.6.4.2 Ar+ Sputter Etch 
Alternatively to wet etching, LSCF was dry etched via Ar± sputtering. The 
photolithographically patterned positive photoresist was hardened by hard baking 
after its development at 100°C for 50 s on a hot plate. A further UV flood exposure 
for 60 s deactivated the photoresist from exposure by deep UV photons emitted due 
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to the Ar4 plasma in the sputtering process that may enhance heating of the 
photoresist. The physical sputtering process was considerably less isotropic (where 
the etch rate differs with respect to the direction in the material) compared to wet-
etching and was selected to reduce the undercutting effects due to isotropic etching 
(same etch rate in all directions) so as to produce LSCF structures with near vertical 
side-walls (Figure 3.10). 
(a) Less Isotropic 	 (b) Isotropic 
Figure 3.10: Comparison of near anisotropic etching (a) observed in the case of Ar+ 
sputtering, where etch rates must be accurately determined to avoid over etching of the 
YSZ substrate; and (b) isotropic etching, where an undercutting of the mask layer up to 
the film thickness is possible. 
LSCF was dry etched using argon ion (Art) sputtering (RIE 76 Oxford Instruments 
Plasmalab 80) with an initial base pressure of 9x10-5 mb, an Ar atmosphere of 
1.00x10-1 mb, 200 W radio frequency power, 400 V DC bias, whilst maintaining the 
substrate at 10°C. Sample placement within the chamber can vary the etch rate by up 
to 10%. Therefore samples were placed in the same position between etching cycles. 
Etching times up to 300 min were used for LSCF films 470 nm thick in 20 min etch 
steps with 1 min Ar flow (50 sccm, 5.00x10-2 mb) between each step to prevent 
overheating/burning of the photoresist. 
In order to produce a bilayer LSCF/Au pattern, LSCF and Au were deposited 
sequentially and dry etched simultaneously using a single (common) positive 
photoresist mask pattern reproduced in both films. 
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Post-etching, the photoresist was 'stripped' in two steps to reveal the final structure. 
The sample was soaked in AZ® 100 Remover (Microchemicals) or NMP (1-methyl-
2-pyrrolidone) at 80°C for 30 min, followed by 2 min of ultrasonic agitation at 132 
kHz in acetone. 
The RIE 76 was also used to perform an 02 plasma etch to remove residual 
photoresist (and small loosely bound organic material) after lift-off and resist 
removal. The same parameters as mentioned above were used except Ar was 
exchanged for 02 and the etch duration was 5 min. 
3.7 	DC Four-Point Electrical Measurements 
Direct current (DC) four point electrical measurements using the Van der Pauw 
method [166] were used to calculate the electrical conductivity of Au and LSCF thin 
films as a function of temperature from measurements of electrical resistance. 
Van der Pauw discovered that the (sheet) resistance of a sample of arbitrary shape 
can be determined from measurements of the resistance taken along its edge and 
along that of another (opposite) edge. However, it is preferable to use a symmetrical 
sample to reduce errors in the calculations. For example, if a square sample 'free of 
holes' is used then one can make electrical contact at each of the four corners 
(starting from the top left and moving in an anti-clockwise fashion) numbered 1 — 4 
(Figure 3.11 (a)). If a current /12 is input at 1 and output at 2 along the first edge and 
the potential difference V34 is measured between 3 and 4 along the second edge, then 
as a result of Ohm's Law, one can define the resistance R12,34: 
V R12,34 - 34 
/12 Equation 3.3 
In a similar way one can also define: 
V41 
R23,41 	 T- Equation 3.4 
A 23 
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(a) 
	 (b) 
Figure 3.11: Schematic diagram of the square contacting geometry used for Van der 
Pauw measurements (a), where L is the distance between the contacts. In (b) an image is 
shown of the actual contacting of Pt wire to the corners of a I cm2 LSCF thin film on YSZ 
substrate using Pt paste to ensure good electrical contact is made. Fire resistant glue was 
used to fix the wires in position. 
Van der Pauw showed that the relationship between R12,34 and R23,41 is: 
exp 
( ;id  
--R12,34 4- exp 	11
D 
)3 41 = 1  
P 	 P 
Equation 3.5 
If the sample is symmetric, e.g. square, then R12,34 = R23,41. However, in the general 
case p cannot be solved for algebraically and the solution may be written as an 
average of the resistances in the form: 
zd R12,34 + R23,41  f — = p = 
ln 2 	2 
Equation 3.6 
Where d is the thickness of the thin film and f is a correction factor which is a 
function of the ratio R12,34/R23,41. 
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In the ideal case f = 1 and the contacts are placed exactly at the corners of a perfect 
square. However, errors arise since Equation 3.6 assumes infinitely small contacts. 
For contacts of diameter, D separated by a distance, L the error is of order DIL. 
Therefore, errors may be minimised by increasing the contact separation and 
reducing the size of the contacts. However, for very thin (<1tim) metallic films, 
extreme caution must be taken to avoid puncturing the film when using probe needle 
point contacting. Platinum wires were bonded to the thin film in this work since 
micromanipulators readily damaged the thin films. 
When determining the electrical conductivity of the thin film it is important that the 
substrate is electrically insulating. If this were not the case, the substrate would 
provide an electrical path of least resistance and the 4-point measurement system 
would effectively measure the resistance of the substrate. 
Electrical data was collected in 30 s intervals using a Keithley 2700 Multimeter and 
controlled using LabView 7.1 interface. Where the electrical resistance was 
measured in static air as a function of temperature, samples were placed in the centre 
of the furnace each time for consistency since the temperature distribution 
throughout the volume of the furnace is non uniform and varies by approximately 
±5°C. A thermocouple was attached to a piece of YSZ next to the sample to 
accurately determine the sample temperature and was connected to a Keithley 2182 
Nanovoltmeter to convert the voltage to a temperature output. The heating and 
cooling ramp rate was 3°C/min and measurements were taken on cooling. Upon 
reaching the maximum temperature (600°C and 500°C for LSCF and Au films, 
respectively), the samples were allowed to equilibrate for 30 min. prior to data 
collection. 
3.8 	Electrochemical Measurements 
Oxygen reduction of La0.6Sr0.4Co0.2Fe0.803 was investigated using a half-cell and 
three-electrode configuration in a single chamber setup (Figure 3.12). The working 
electrode (WE) was the electrode of interest and varied in geometry between 
samples. The counter electrode (CE) was symmetric to the WE and remained 
unchanged. The reference electrode (RE) was located on the same side as the WE. 
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A potentiostat was used to maintain a constant potential at the WE with respect to the 
RE by adjusting the current at the CE. 
(a) 
Figure 3.12: Schematic representation of the three-electrode setup for the electrochemical 
experiments operated in both direct and alternating current modes (a). AF is the effective 
overpotential of WE relative to RE. A photograph of the contacting in the measuring rig 
is shown in (b). Note, only the WE and RE are visible and another quartz tube is lowered 
above to feed 02/air to the WE side of the (half) cell. 
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3.8.1 Potential-Current Measurements 
The setup shown in Figure 3.12 (a) allowed for an investigation of the potential-
current relationship of the oxygen reduction reaction in DC (direct current) 
polarisation using steady-state voltammetry. The shape of the potential-current curve 
indicates the activity of the electrode, which is a function of the temperature. As 
current is drawn, the cell voltage decreases due to two major irreversibilities or loss 
processes as outlined below [5]: 
i. Activation losses: In order for the electrochemical reaction (oxygen reduction) to 
occur, electrons must be transferred between species in the electrode reaction. 
However this process has a specific energy requirement i.e. activation energy in 
order for the reaction to proceed. The resulting overpotential, AV is the voltage 
lost in driving the chemical reaction: 
AV =V — Vo 	 Equation 3.7 
where V is the electrode potential and Vo is the equilibrium voltage of the 
electrode when no current flows. 
ii. Ohmic losses: A voltage drop occurs due to the resistance to the flow of electrons 
through the electrodes, current collectors and other interconnects in addition to 
the resistance due to the flow of ions through the electrolyte. Since the ohmic 
drop, V is linearly proportional to the current density, i it is described as being 
ohmic i.e. V=Ri, where R is the resistance of the cell component. 
In addition to the losses described above, it is also possible that the voltage is 
reduced by mass transport losses where a change in the concentration of the oxygen 
near the electrode surface (due to the failure to replenish oxygen for example) results 
in a reduction in the partial pressure of oxygen [5]. In other words fewer moles of 
oxygen arrive at the electrode surface to participate in the electrochemical reaction. 
In steady-state voltammetry experiments a voltage range of 0 — 0.5 V was swept at a 
ramp rate of 0.5 mVs-1 and the current measured. The experiment was performed at 
500°C in flowing air at 50 ml/min. 
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3.8.2 AC Impedance Spectroscopic Measurements 
Electrochemical Impedance Spectroscopy (EIS) was used to gain more 
understanding regarding the oxygen reduction reaction mechanism and kinetics. EIS 
[5, 41, 167] is a technique which allows one to identify and separate the various 
impedances of cell components i.e. anode, cathode, electrolyte and in some cases 
current collectors. An alternating current or voltage is driven/applied to the cell over 
a typical frequency range of 10-2 to 107 Hz and the corresponding alternating voltage 
or current response is measured and the impedance calculated. 
Essentially, a small sinusoidal perturbation AV is applied at low voltages, typically 
10 to 20 mV in a region where the IV curve is linear due to ohmic effects i.e. close to 
the origin (Figure 3.13). 
AV (o ,t) =V oe'" 	 Equation 3.8 
Where Vo is the magnitude of the excitation signal, j =.1/- , o = 2irf is the angular 
frequency and t is the time. 
AV 
Figure 3.13: Visual representation of the principle of electrochemical impedance 
spectroscopy. A small sinusoidal excitation voltage, LW superimposed to the I-V 
polarisation curve results in an oscillating current response Al of the same frequency. 
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Therefore an oscillating voltage results in an oscillating current response. However, 
even at higher voltages where the curve is non-linear a small perturbation will also 
result in a pseudo-linear response. Therefore, in a linear system, a small sinusoidal 
excitation voltage results in a sinusoidal current response A/ at the same frequency 
but shifted in phase, 0 : 
Al (co ,t) = I oef ('°) 	 Equation 3.9 
In analogy to Ohm's Law, the impedance of the system can be calculated as: 
i" Z(w) AV (w, 	
'( 
t) Voe  	Zoef° = Z o (cos0 + j sin 0) 
A/(co,t) 	I oe"+°) 
=" Re(Z) + j1m(Z)" 
Equation 3.10 
Different regions of the materials denoting the cell are characterised based on their 
electrical relaxation times or time constants. The measured impedance usually has 
both resistive and capacitive/inductive components usually placed in parallel that can 
be determined by fitting 'equivalent' electrical circuit components to a plot of the 
real part, Z' of the impedance against the imaginary part, Z" (a Nyquist plot) [167]. 
A typical Nyquist plot is shown in Figure 3.14. Each point in the plot is the 
impedance at one frequency. The width of an impedance arc corresponds to the 
resistance of an equivalent circuit RC element for a given region of the sample. The 
characteristic relaxation time, r of each parallel RC element is defined by a product 
of R and C. One can therefore separate each RC element by determining the peak 
frequency co p (frequency of maximum loss) corresponding to each impedance arc: 
cv pRC = 1 	 Equation 3.11 
The value of each R and C component may then be quantified for a particular region 
of the sample based on the magnitude of the capacitance. The possible phenomenon 
responsible for a range of capacitance values are shown in Table 3.2. 
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Z" 
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Rb 	 Rgb 	>I< 
Z' 
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Figure 3.14: Typical Nyquist plot of the real and imaginary parts of impedance with 3 
arcs corresponding to resistance and capacitance of the electrolyte bulk/grain interior (Rb, 
Cg), at grain boundaries (Rgb, Cgb) and the electrode (Re', Cei) of the schematic cell shown 
inset (top left). The equivalent circuit components for each impedance arc is shown inset 
(top right) and consists of a resistor and capacitor in parallel. 
Capacitance [F] Possible Origin 
10-" — 10-12 Bulk 
10-8 — 10-" Grain boundary 
10-5 — 10-7 Electrode-electrolyte interface 
104  Electrochemical reactions 
Table 3.2: Typical capacitance values and their possible origin [167]. 
A Solartron Model 1260 Frequency Response/Impedance Analyser (FRA) was used 
to apply sinusoidal waves between the frequencies of 1 MHz and 0.01 Hz when 
combined with Solartron Model 1287 Electrochemical Interface, which provided 
potentiostatic ac/dc conditions. Data acquisition was controlled using ZPlot® 3.0 and 
analysed using ZView® 3.0. AC measurements were conducted as a function of 
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temperature between 350 and 500°C in flowing 02. All samples were subjected to 
the same total temperature cycle. A summary of the measuring conditions are shown 
in Table 3.3. 
Parameter Value 
02 flow [ml/min] 33.3 
Frequency range [Hz] 106 — 0.01 
AC amplitude [my] 10-30 
DC bias [my] Up to 700 
Max. potentiostat current [mA] 20 
Integration cycles*  5 
Interval [steps/decade] 10 
Temperature range [°C] 350-500 
Heating/cooling ate [°C/min] 3 
Time per measurement [min] 40 
Temperature equilibration time [min] 30 
Table 3.3: Summary of impedance spectroscopy measuring conditions. *Number of 
cycles at a particular frequency over which data is collected. In general, the greater the 
integration time/cycles the more accurate the result but the longer the measurement 
time. E.g. A measurement at 0.01 Hz will take 1/0.01 s x 5 = 500 s. 
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Thermal Stability of Silver Thin Films for Low 
Temperature Micro-SOFC Cathodes 
4.1 Introduction 
The thermal stability of Ag with regards to the development of SOFC cathodes is not 
well documented but recent attention has been given to the dewetting of thin film 
SOFC materials, metallic and ceramic oxide based [146, 168]. In order to achieve a 
lower energy configuration during annealing of metallic thin films, the process of 
agglomeration occurs. The manifestation of agglomeration is the reshaping of the 
film to uncover the substrate as a means to reduce the overall energy of the system 
[135]. Voids (holes) form and grow until the film separates into 'islands' [169]. 
This is very much a transport process via surface diffusion, linked to the mobility of 
the metal at increased temperature. In this sense, whilst at temperature the film may 
be analogous to a liquid that when dropped onto the surface of a solid substrate will 
change shape until it reaches an equilibrium geometry that depends on its wettability. 
In the case of a final equilibrium state consisting of isolated metallic islands, the thin 
film can no longer function as a cathode since a conductive pathway no longer exists. 
The mechanism of film rupture was first investigated by Mullins [170] whereby 
thermal grooving at grain boundaries was proposed as a dominant mechanism. 
Brandon and Bradshaw [171] then adapted the thermal grooving model proposed by 
Mullins to describe the growth of voids in thin films due to diffusion processes. 
Before the electrochemical properties of Ag can be investigated, it is important to 
understand the factors affecting its thermal stability. The dewetting process and 
agglomeration of Ag films on single crystal YSZ substrates, is discussed in this 
chapter. The dewetting process is a function of the film thickness, anneal 
temperature, substrate and thin film defect density. Where previous studies may 
have encountered the dewetting of Ag (without in-depth microstructural evaluation 
to confirm the rupture mechanism) and consequently deemed it an unsuitable SOFC 
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material, the range of temperatures at which Ag remains stable as a function of 
thickness is at present unknown. 
4.2 	Supplementary Experimental Details 
Ag was deposited on YSZ (100) single crystal substrates (see section 3.1 and 3.2) to 
assume reproducible Ag thin film growth. As-deposited films were characterised by 
optical microscopy, SEM (JEOL JSM-5610LV), high resolution SEM (LEO Gemini 
FEG-SEM) and X-Ray Diffraction (XRD). Film thicknesses were measured using a 
combination of surface profiling (Dektak 8M) of masked samples, FIB-sectioning 
and SEM cross-sectional imaging of cleaved reference silicon wafer or YSZ samples 
placed alongside the YSZ during the deposition, respectively. 
The annealing atmosphere has been seen to affect the stability of Ag by changing the 
surface diffusivity [172], therefore all films were annealed in air. For investigation 
of Ag morphology, thin films on YSZ substrates were annealed in air on an alumina 
plate in a furnace at a heating rate of 3°C/min. This provided a means to investigate 
the evolution in film morphology with anneal temperature and anneal time. See 
Table 4.1 for a summary of the annealing conditions. 
Annealed films were characterised by optical microscopy and SEM. XRD was also 
used to compare the crystal structure of the as-deposited films with annealed films. 
Focussed Ion Beam (FIB) sectioning/imaging was used to selectively section specific 
features for investigation. 
It has been seen [173] that the agglomeration of Ag upon annealing occurs for a 
range of deposition techniques including PLD, magnetron and DC sputtering, 
thermal and e-beam evaporation, molecular beam epitaxy and CVD for films up to 
approximately 3 pm in thickness. However, the effect of the different process steps: 
source, transport and deposition on the thin-film growth may not be negligible since 
the range of energies involved may influence the agglomeration process. Therefore 
deposition was limited to thermal and e-beam evaporation in this investigation. In 
addition, film thickness, deposition rate and deposition method all influence the 
microstructure as well as macroscopic properties of as-deposited thin films [174]. It 
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was not possible to quantify the effect all these parameters have on the 
microstructure of annealed films. 
Deposition 
Cycle Sample 
Ag Film Thickness 
(as-deposited) [nm] 
Anneal Temp. 
[°C] (ii) (3°C/min) Experiment 
Anneal  Time [hrs] 
Dewetting as a 
la - 7a 250 - 550 function of anneal 
temperature 
1 
A 8a 100 Room Temperature As-deposited Reference 
9a 300 Dewetting as a 5 
10a 300 function of 15 
11 a 550 anneal 5 
12a 550 duration 15 
XRD analysis 
1b — 4b 250 - 550 of annealed 1 
Ag thin films 
B 5b 300 300 Dewetting as a 
function of 
5 
6b 550 anneal 
duration. 
5 
7b Room Temperature As-deposited Reference 
Dewetting as a 
1 c — 7c 250 - 550 function of anneal 
temperature. 
1 
C 8c 820 Room Temperature As-deposited Reference 
9c 300 Dewetting as a 5 
10e 300 function of 15 
11c 550 anneal 5 
12c 550 duration 15 
Table 4.1: Summary of Ag annealing conditions. All films were annealed in static air. 
An image analysis technique was used to ascertain quantitative information on the 
varying Ag microstructures resulting from different annealing conditions to 
qualitatively describe the evolution in Ag thin film morphology. For example: void 
size (area/diameter), TPB length (h ), grain size (area/diameter) and other statistical 
measurements. See Appendix (ii) for details of the image analysis process. 
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4.3 	Results and Discussion 
4.3.1 Film Rupture Mechanisms 
As-deposited Ag films grew uniformly and crack-free on the smooth single 
crystalline substrates. However, the films were shown to suffer from poor adhesion. 
A 'rule of thumb' often used in the microelectronics industry to test the adhesion of 
thin films is to peel a strip of adhesive tape off the film surface and to determine 
whether or not the film remains [175]. In all of the films deposited the film peeled 
off with the adhesive tape including Ag deposited on Si test pieces. Prior to thermal 
annealing, all films were initially in contact with the substrate. 
As-deposited Ag films were dense and homogeneous with grain sizes between 60-75 
nm for 820 nm thick films as shown in Figure 4.1 (a). However, in cross-section 
(Figure 4.1 (b)) some defects are visible at the Ag film/YSZ interface, with the 
appearance of voids i.e. missing material. Such defects may arise due to defects in 
the single crystal substrate or surface contamination since the growth of the film (not 
epitaxial but textured on the (111) plane, as discussed in section 4.3.2) may be 
influenced by the substrate. 
(a) 
	
(b) 
Au 
Ag 
Figure 4.1: Surface view of an as-deposited Ag film deposited in cycle C (a) with a FIB-section shown 
in (b), with an Au protective layer. Defects at the Ag/YSZ interface are circled in (b). 
Upon thermal annealing Ag thin films were observed to undergo thermal grooving, 
the theory of which was presented by Mullins [170] in 1956. The polycrystalline 
solid (Ag film) is effectively immersed in a vapour phase (air) and grooves develop 
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on the surface where the stationary grain boundaries intersect the surface. Such 
thermal grooving is shown in Figure 4.2 (a). Provided the interfacial properties are 
not orientational dependent, the groove develops (or etches) in such a way that the 
two surface tensions [Nm-1 or Jm-2] (yAg/air) and single grain boundary tension (Ygb) 
are resolved along the line of intersection (represented by the cross in Figure 4.2 (b)). 
In equilibrium, the angle of etching, known as the dihedral angle, 0 is determined by 
the ratio of grain boundary energy to Ag surface-vapour interface energy 
(numerically the same as the surface tension) as illustrated in Figure 4.2 (b) and 
defined in Equation 4.1. The average dihedral angle was approximately 120° or 
greater, indicating a grain boundary energy that is less than the surface energy (ygb<  
YAg/air). The thermal grooving was not always the same everywhere, which is likely 
due to the dependence of grain misorientation on grain boundary energy and the 
varying Ag/air interface energy with crystal orientation [176]. The contrast 
differences in the FIB image in Figure 4.2 (c) indicates grains of different 
crystallographic orientation and clear twinning. In addition, the adsorption of 
impurities that might exist (although not detected) will also affect these energies 
[176]. 
ygb = 2 yAg ,, cos Lb 
2 
Equation 4.1 
As described by Mullins [170] the equilibrium angle is formed in a very small 
(infinitesimal) region of the intersection by 'atomic migration' with steep edges. 
However, the edges have a tendency to flatten as surface diffusion prevails. This is 
in preference to evaporation-condensation when the anneal temperature is 
significantly below the melting point of Ag. The surface curvature leads to an 
increased chemical potential, which results in a 'flux' of atoms occurring along the 
potential gradient which disturbs the equilibrium angle and consequently drives the 
widening and deepening of the groove [177]. The groove proceeds to deepen until it 
reaches the (YSZ) substrate, where the film is said to have ruptured. The formation 
of a void at triple junctions as seen from above is shown in Figure 4.2 (d). 
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(a) 
	
(b) 
Air 
YAg/air 	 Ag/air 
(c) 
	 (d) 
Figure 4.2: Cross-sectional view of an Ag film deposited in cycle C and annealed at 550°C for 1 hour (a). 
Thermal grooving of Ag grains can be seen with significant void formation at the Ag/YSZ interface. A 
schematic diagram of the surface energies and resulting dihedral angle, 0 is shown in (b) where the cross 
indicates the grain boundary intersection into the page. The surface view of the film shown in (a) 
(showing considerable hole growth) is shown in (c). Enhanced contrast reveals the orientational 
differences between annealed Ag grains. Void formation at a triple junction as viewed from the surface is 
shown in (d). 
The formation of voids via thermal grooving is one of two rupture mechanisms 
observed in this study. The second rupture mechanism has its origin at Ag triple 
junctions at the Ag/YSZ interface, where voids work their way to the surface, almost 
in a reverse fashion, as also seen in Figure 4.2 (a). There are considerably more 
voids at the Ag/YSZ interface after annealing compared to the as-deposited reference 
in Figure 4.1 (b) but it is clear that not all voids occur at triple junctions. Presland et 
al. [177] make the point that surface grooves also occur at twin boundaries, which 
are observed at the grain surface. Voids which form at the Ag/YSZ interface within 
the grain bulk may do so at twin boundaries. However twinning was more difficult 
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to observe in cross-section (e.g. Figure 4.2 (a)) and so this cannot be confirmed. If 
so, such void formation is expected to be less prominent at twin boundaries since 
twin boundaries are much lower energy interfaces due to the symmetry in 
crystallographic orientation. It is unclear whether or not voids at the Ag/YSZ 
interface in the as-deposited state display similar behaviour upon thermal annealing 
i.e. if the voids (defects) grow at the same rate as those formed at triple junctions. 
There are voids at the interface of varying sizes but the largest voids appear to be 
those occurring at triple junctions. The formation of voids at the Ag/YSZ interface is 
particularly interesting since when viewed from the surface, the film may appear 
completely dense and relatively unchanged, besides grain growth, however below the 
surface the film may be drastically reduced in interfacial area and mechanical 
strength. It was reported [178] that void formation at the internal interface is 
enhanced in the case of Pt films grown on amorphous substrates due to the lower 
adhesion energy of the film. However, the dominating rupture mechanism for the 
Ag/ (single crystal) YSZ system is unclear but void formation occurs at the Ag/air 
and Ag/YSZ interfaces, predominately at the triple junctions of the metallic film. 
The total stress in a thin film is the sum of the thermal and intrinsic components. For 
a film under sufficient compressive stress, the failure will occur via buckling, 
whereas a film under sufficient tension will fracture. It has been shown that large 
area, thin membranes are seen to be particularly susceptible to buckling [179]. This 
is somewhat of a hindrance since such geometries are desirable from the position of 
electrochemical performance due to reduced diffusion lengths and increased active 
areas. However, no such failures were observed in this study; neither cracks nor 
delamination was observed. The large grain growth was initially thought to be 
delaminated buckled 'domes' arising from compressive forces during heating due to 
thermal expansion mismatch between Ag and YSZ (18.6x10"6 K'1  and 10.5x10"6  K-1  
[77] respectively) however, closer inspection revealed bulk grains. 
Metal-ceramic interfaces are characterised by different electronic structure and a 
lattice mismatch [168]. Based on a face-centred cubic (fcc) structure of both the 
single crystal YSZ and Ag, the mismatch in the interplanar d-spacing for the Ag(111) 
and YSZ(200) is approximately 8.5% for lattice parameters of 4.09 A and 5.12 A 
respectively (20% mismatch). This may have the effect of introducing strain into the 
film and is a contributing factor to the high energy interface. 
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4.3.2 Evolution in Morphology of Annealed Ag Thin Films 
The initial change in Ag thin films of a given thickness upon annealing is an increase 
in grain size. After annealing at 250°C for 1 hour, the average grain size of Ag films 
deposited in cycles A, B and C was 0.22 ± 0.01 , 0.90 ± 0.05 and 0.96 ± 0.05 pm, 
respectively. This result suggests that the thicker the film, the faster the average 
grain growth. In fact, abnormal grain growth (or discontinuous grain growth) was 
more evident in thicker films and is manifested by the increased growth of a few 
large grains compared to the surrounding smaller grains [176] (see Figure 4.3). 
Comparing the Ag grain size distribution after annealing for 1 hour and 15 hours at 
550°C reveals a broadened distribution with some grains growing faster than the 
average (Figure 4.4). Greiser et al. [180] suggest that abnormal grain growth in Ag 
films is related to the film thickness and initial texturing. XRD analysis indicated 
texturing of the Ag thin films on the (111) plane based on the relative height of this 
peak compared to the Ag (200) peak in Figure 4.5. It is shown in Figure 4.5 that the 
300 nm thick film (as-deposited), showed an increase in this texturing with anneal 
temperature suggesting the larger grains are of a (111) orientation. However, the 
texturing decreases at 550°C possibly due to decreased Ag coverage. The Ag (111) 
peak showed a slight shift in position from 38.12° to 38.16° (20 values) for the films 
annealed at 450°C and 550°C. This signifies a decrease in the Ag interplanar 
spacing and lattice parameter and a reduced thermal expansion coefficient, TEC 
(likely to differ from that in the bulk) [181]. However, these are post annealed films 
on a substrate of a smaller TEC, so the change that has occurred is permanent 
deformation. An XRD scan in-situ may show a shift to lower values, as seen by Zoo 
et al. [181]. 
YSZ 
(void) 
Figure 4.3: Secondary electron FIB image of an Ag film (deposition cycle C) 
annealed at 450°C/1 hr viewed at 45° showing voids and Ag grains of various sizes. 
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Figure 4.4: Grain size distribution after annealing Ag films deposited in cycle C for 
1 hour and 15 hours at 550°C. 
Data 
Ag Peak Positions Relative Intensity 
Ratio (111)/(200) Ag45 
(20) [deg.] 
Agam 
(29)  [deg.] 
Straumanis 44.30 38.11 2.09 
As-deposited 44.32 38.12 29.99 
250°C 44.36 38.12 15.81 
350°C 44.32 38.12 25.76 
450°C 44.36 38.16 31.59 
550°C 44.36 38.16 27.75 
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Figure 4.5: XRD patterns of Ag films after annealing between 250 and 550°C, focussed on 
the Ag(111) peak, with the Ag(111) and Ag(200) peaks shown inset. A reference spectra 
for an Ag thin film is also shown for comparison (Straumanis [182]). 
The system is continually striving to minimise its energy, which in this case is the 
interfacial energy [183]. Atoms existing at the surface of grains are energetically 
q 
- 92 - 
3 5 - 
3 
17 Grain Size [1am] 
■ No. of Grains 
2.5 - 
2- 
u 
l 5 - 
0.5 - 
a 
a 
a 
L. 
E a 
Thermal Stability of Silver Thin Films for Low Temperature Micro-SOFC Cathodes 
less stable compared to atoms within the bulk, which are more ordered. Smaller 
grains have a larger surface to volume ratio than larger grains and are therefore in a 
higher energy state (with higher surface energy). In order to reduce the energy of the 
system, atoms on the surface of smaller grains tend to detach and diffuse to larger 
grains in the matrix, thus reducing the total interfacial area [183]. There is greater 
interfacial area for a large number of small grains than a single large grain of the 
same net volume. The total grain boundary area of the polycrystalline Ag is 
therefore decreasing as the grains increase in size. This growth is driven by the 
reduction in boundary energy. 
It can be seen in Figure 4.6 that with increasing temperature, the average grain size 
increases and the total number of grains in the total sampled area decreases. This is a 
result of the conservation of volume. 
1200 
1000 
800 
600 
400 
200 
250 	300 	350 	400 	450 	500 	550 
Anneal Temperature rel 
Figure 4.6: Grain size as a function of temperature with the total number of rains 
per sample area, measured at each temperature for Ag films (820 nm thick as-
deposited) deposited in cycle C. 
The grain size as a function of temperature for Ag films of as-deposited thickness 
300 nm and 820 nm is shown in Figure 4.7 (a). There is very little difference in 
grain size over the temperature range (250 — to 550°C). Grain size increases linearly 
with anneal temperature, however extrapolating the equation lines of best fit for each 
data set back to room temperature yields negative grain sizes as opposed to the 
measured as-deposited grain sizes. The linear relationship appears to be valid at least 
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for temperatures above 250°C; the lowest anneal temperature in the study. The 
nonlinear behaviour of initial grain growth is also observed when investigating grain 
growth under isothermal conditions as in Figure 4.7 (b). The effect of the 3°C/min 
heat rate (to the target anneal temperature) on grain growth is unclear but may be 
responsible for nonlinear behaviour. After annealing for only 1 hour at 300°C the 
grain size has increased —20x and —40x at 550°C. However a limiting average grain 
size of approximately 2.7 pm is ascertained in less time when annealing at 550°C, 
whereas steady growth is observed between 1 and 15 hour anneal duration when 
annealing at 300°C where the maximum measured grain size is —2.2 pm after 15 
hours. 
(a) 	 (b) 
Anneal Temperature [°C] 
0 	2 	4 	6 	8 	10 	12 	14 	16 
Time [Hours] 
Figure 4.7: Grain size as a function of temperature for as-deposited Ag films 300 and 820 nm thick 
(a). Grain size as a function of time at 300 and 550°C for as-deposited Ag film thickness 820 nm 
(b).  
Grain boundaries which are equal in energy meet at three-grain junctions to form 
angles of 120° [176]. The grain boundaries without curvature occur for six-sided 
grains if the boundaries are required to meet at this angle. As seen in Figure 4.2 (d) 
grains with fewer sides tend to have concave boundaries (viewed from the centre of 
the grain). It is these grains that shrink (and eventually disappear) due to migration 
towards their centre of curvature. In a similar way, grains with more than six sides 
tend to have convex boundaries that migrate outward and grow larger. To illustrate 
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this, Figure 4.2 (d) is shown again in Figure 4.8 showing the likely direction in which 
some boundaries migrate. 
It can therefore be seen that film rupture, coupled with grain growth/shrinking 
contributes to the growth of holes. 
Figure 4.8: Void formation at a triple junction with arrows indicating the 
directions in which grain boundaries are likely to migrate. 
The evolution in Ag microstructure as a function of film thickness is shown in Figure 
4.9. At the lowest anneal temperature of 250°C/1 hr, thicker films deposited in 
cycles B and C show no signs of film rupture but grain growth is observed (Figure 
4.9 (e) and (i), respectively) whereas the thinnest film (100 nm, cycle A) already 
shows grain separation and island clusters (Figure 4.9 (a)). The dewetting is heavily 
dependent on the film thickness and anneal temperature. This is also evident as a 
visual reduction in reflectivity of the films as the surface roughness increases the 
scattering of light. 
The results suggest that the thicker the film, the greater the anneal time and 
temperature is required to change its microstructure and so thicker films are 
thermally more stable for longer. As discussed, film rupture occurs when grooves 
between grains reach the substrate or void growth initiating at the Ag/YSZ interface 
reaches the Ag/air interface. For thinner films, the substrate — to — surface distance is 
shorter and so the process requires less time. As the film thickness increases it can 
be seen that complete grain separation occurs at a higher temperature e.g. islands are 
visible in Figure 4.9 (f) after annealing an Ag film 300 nm thick as-deposited for one 
hour at 350°C. For the thickest (820 nm) as-deposited film, void formation is visible 
after annealing at 550°C for one hour (Figure 4.9 (k) with hole growth observed after 
- 95 - 
B 
C 
Chapter 4 
15 hours of annealing at 550°C and no complete grain separation i.e. islands visible 
(Figure 4.9 (1)). Voids that form at the grain boundary triple junctions grow until 
they join with other voids. Sharma and Spitz [184] report that the joining of voids 
during void growth at low temperatures leads to island separation, then 
agglomeration, whereas the authors later report that thermal grooving at grain 
boundaries at high temperatures causes grain separation, then agglomeration [185]. 
Evidence here tends to support the earlier, rather than the latter, due to the relatively 
low maximum anneal temperature of 550°C and since clear void growth is seen as 
shown in Figure 4.10 (a). The largest average void size of 14.8 p.m existed for 300 
nm thick (as-deposited) films compared to 5.2 pm for 820 nm thick (as-deposited) 
films, both annealed at 550°C for 1 hr. Stronger temperature dependence with void 
size was observed for the thinner film. The Ag surface coverage is plotted as a 
function of anneal temperature for films of (as-deposited) thickness 100, 300 and 820 
nm in Figure 4.10 (b). The most significant redistribution in material occurs for the 
thinnest films for identical anneal conditions, with 23% coverage remaining after 
annealing at 550°C for 1 hr compared to 77% for the thickest film in the same anneal 
process. 
(a) 250°C/1 hr 	(b) 350°C/1 hr 
	(c) 550°C/1 hr 	(d) 550°C/15 hrs 
e 	e 	;0 
e ee 	e e • 'e 
•
e a ~
0 • eee 	e • e" 
e 	g.e* 0 me • s: 0 	e .4:C r: ee 
et •ef 	 eft e *" ®bee ee.e'n e ©se cru^ Mr " 	
1,1 •• 
 
(e) 250°C/1 hr 	(f) 350°C/1 hr 
	(g) 550°C/1 hr 	(h) 550°C/5 hrs 
(i) 250°C/1 hr 	(j) 350°C/1 hr 
	 (k) 550°C/1 hr 	(1) 550°C/15 hrs 
Figure 4.9: Evolution in Ag surface morphology for 100, 300 and 820 nm thick films as-deposited in 
cycles A, B and C, respectively and annealed between 250 and 550°C. All images are at the same 
magnification (5,000x) except for (e) and (i) (75,000x) as indicated by the scale bars. 
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Figure 4.10: Void size as a function of anneal temperature for 300 and 820 nm thick (as-deposited) 
Ag films (a) and remaining Ag surface coverage after annealing for 100, 300 and 820 nm thick films 
(b). Note, in (a) no voids are present for 100 nm thick films even at the lowest anneal temperature of 
250°C and the anneal time was 1 hour at each temperature shown. 
The total interfacial energy of the thin film is reduced by the growth of holes. The 
growth of voids/holes in thin films during annealing was investigated by Brandon 
and Bradshaw [171] by consideration of the hole geometry. In the model a hole 
profile of thickness, h is considered, as shown in Figure 4.11 (a). The contact angle, 
0 of the edge of the hole with the substrate is assumed to be 90° i.e. r/2 (and 
confirmed in the cross-section of a typical hole in Figure 4.11 (b)) and holes are 
assumed circular, with radius r. The bump at the edge of the hole is indicative of an 
evolution governed by surface diffusion, whereas the hole size increases at a constant 
rate when the evolution is governed by evaporation-condensation [186], which was 
not expected. Thermogravimetric analysis was attempted to investigate loss of 
material due to evaporation but the results were inconclusive due to the resolution 
limit of the detector. When the dominant transport mechanism (transfer of matter) is 
via surface diffusion, the flux of atoms is proportional to a quantity B, defined in 
Equation 4.2 and deduced by Mullins [170]. 
B—
D
s
vco2y 	 Equation 4.2 
k BT 
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Where Ds is the surface diffusion coefficient, v the surface density of sites, w the 
atomic volume, y the surface energy and kBT the thermal energy.  
The parameter B rules the relationship between distance and time and by taking 
consideration of the hole size variation with time, Brandon and Bradshaw [171] 
deduced a relationship between hole radius and time, t that allows for a 
determination of the surface self diffusion coefficient as shown in Equation 4.3: 
5 3 
2 r 2h 2k T Equation 4.3 Ds c 	B 
-1 7/.20,02v 
By investigating annealing at constant temperature with respect to time one can 
determine the uncovered film area, which is proportional to the area of the holes 
[187] assuming a constant hole density, N„ to determine Ds. However, for the anneal 
times investigated in this study on the thickest films, Ns, was not constant, indicating 
void nucleation for at least 5 hours and the joining of holes after 15 hours (Figure 
4.12); thus the resolution of data is too low. Thinner films showed void formation 
and joining of holes in less than 1 hour, outside the minimum anneal time measured. 
Therefore, the average hole radius was measured for films of constant thickness (h = 
820 nm) for films annealed for t= 1 hour at different temperatures and the diffusion 
coefficient calculated. Values of y = 1.2x 10-5 Jcm-2 [188], co = 1.7x 10-23 cm3 (from 
the lattice parameter of face-centred cubic structure of Ag) and v = 1.5 x 10" cm-2 
[170] were used and the resulting Arrhenius plot is shown in Figure 4.13. 
(a) 
	 (b) 
 
	 Ag 1( 	 h 
 
  
YSZ 
   
Figure 4.11: Schematic representation of a hole in the Ag thin film (a). The hole radius is given by 
r, h is the as-deposited thickness and 8 is the contact angle. A (tilted) fib section of a hole produced 
(in a film deposited in cycle C) after annealing at 550°C for 1 hour is shown in (b). 
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Figure 4.12: Void area and void density as a function of anneal time at 550°C for 820 nm thick as-
deposited films (deposited in cycle C). 
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Figure 4.13: Surface self-diffusion of Ag calculated from measurements of hole radii at different 
temperatures with literature data from Brandon and Bradshaw [171] (within ref. [177]) and Rhead 
[189] (within ref. [185]), surface self-diffusion data of Au from Beszeda et al. [187] and bulk volume 
diffusion data of Ag from Tomizuka and Sonder [190]. 
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Limited literature data is available for the surface self-diffusion coefficients of Ag, 
however absolute values in this study are in good agreement with extrapolated data 
obtained by Brandon and Bradshaw [171] for hole growth in Ag thin films, with an 
increased temperature dependence. However, calculations of D3 at each T for 
duration t = 1 hour in this study may not represent a period of constant hole density 
N4 (i.e. hole growth only, no nucleation). It can also be seen in Figure 4.13 that the 
surface self diffusion of Ag is at least eight orders of magnitude greater than the 
volume diffusion of Ag measured by Tomizuka and Sonder [190] due to the large 
surface energies present in Ag thin films, which leads to dewetting. 
The TPB length (trpB) is plotted as a function of anneal temperature in Figure 4.14 
for two Ag film thicknesses. The thinner film shows decreasing /TpB with increasing 
temperature since at 350°C it has already surpassed void nucleation and exhibited 
void growth to the point that voids have merged, uncovering more of the substrate 
with a loss in /TpB (Figure 4.14 sample 2b). The thicker film shows increasing /TPB 
with increasing temperature and displays a largely continuous structure with a large 
number of voids at the higher temperature of 550°C (Figure 4.14 sample 7c), still 
possibly undergoing void nucleation, adding to /TpB. Controlling the microstructure 
of Ag thin films in this way allows for the possibility of conducting mechanistic 
studies by pre-annealing the films to tailor electrodes of a known /TpB and area as 
demonstrated by Ryll et al. [168] in the case of Pt, provided a connected film exists 
to enable effective current collection. 
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Figure 4.14: TPB length as a function of anneal temperature for 300 and 820 nm thick Ag films 
annealed for 1 hour. Ag microstructure after annealing at 350°C and 550°C for 300 nm thick 
(sample 2b) and 820 nm thick (sample 7c) films, respectively are also shown. 
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Prior to the joining of voids, the growth of voids leads to an interconnected Ag 
network structure as shown in Figure 4.2 (c). A stage of separation then occurs 
where voids at adjacent holes are close, forming 'necks' that progressively narrow 
and results in the separation of grains and/or agglomerates into isolated islands. The 
minimisation of the high energy metal/ceramic interface is the driving force that 
results in approximately hemispherical islands; the equilibrium geometry (see Figure 
4.15 (a)). A FIB-sectioned island imaged by higher resolution SEM reveals no grain 
boundaries (suggesting single crystal islands) and is shown in Figure 4.15 (b). Close 
inspection of the contact region reveals high Ag surface curvature close to the YSZ 
substrate and a region of dark contrast (marked as 'void') is clearly visible. The 
island contact angle is in excess of 120° indicating the YSZ/Ag interfacial energy is 
greater than the YSZ/air interfacial energy. In fact, in analogy to a liquid on a solid 
substrate, the liquid will 'wet' (have a tendency so spread) over the substrate for 0 < 
90° and 'ball up' in an attempt to reduce its interfacial area when 0 > 90° as shown 
schematically in Figure 4.16 (a) and (b) respectively. By resolving the surface 
tensions at the three phase contact line (where Ag, YSZ and air meet) shown in 
Figure 4.16, 0 may be predicted from a knowledge of the various interfacial energies 
as shown in Equation 4.4. 
(a) 
	
(b) 
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Figure 4.15: Surface view of Ag islands after annealing a 100 nm thick (as-deposited) film at 
550°C for 15 hours (a). FIB section of an individual island, protected by Au and Pt is shown in (b). 
(a) (b) 
Figure 4.16: Schematic diagrams illustrating wetting conditions (a) and non-wetting conditions (b) 
with surface tensions shown in (a). 
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rysz I air — rYSZ 1,4g — YAg 1 a cos 6' = 0 in equilibrium, 
such that : cos 61 = rYSZ 1 air — Yrsz 1 Ag 
	Equation 4.4 
r Ag lair 
As discussed, the increase in curvature and minimisation of the YSZ/Ag interfacial 
area results from an attempt to reduce the interfacial energy. The island thickness 
may increase to 1 — 2µm as the radius of the island decreases, since the volume must 
be conserved. 
Although the final equilibrium island formation was most prominent in the (thinnest) 
100 nm thick Ag films, there is a clear difference in island size between films of 
different as-deposited thicknesses (see Figure 4.9 (d) and (h)). The thicker the film, 
the larger the resulting islands after annealing at a given temperature and time. The 
thickness dependence on island size is shown in Figure 4.17, close to a masked 
region in the film where a thickness gradient exists due to a shadowing effect during 
Ag deposition. In addition to this Ostwald ripening (coarsening) occurs. This is 
where smaller islands shrink and larger islands grow because larger islands are 
energetically more favoured. 
Figure 4.17: SEM image of Ag islands of varying size close to a region masked 
during deposition (optical microscope image inset). 
The Ag island size was also shown to increase linearly with temperature, as shown in 
Figure 4.18. The seemingly anomalous data point at 250°C is due to islands 
consisting of multiple grains, whereas the majority of the other data points reflect 
- 102 - 
Thermal Stability of Silver Thin Films for Low Temperature Micro-SOFC Cathodes 
islands consisting of single grains. The particle segmentation process during image 
analysis identified grain clusters as a single particle. A linear relationship is seen 
when omitting this exceptional data point with the indication of a limiting island size 
of approximately 0.9 .tm beyond 500°C. 
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Figure 4.18: Average island diameter as a function of anneal temperature for 100 nm 
thick Ag films annealed for 1 hour, comparing the microstructure at 250°C and 
550°C. 
A difference in the distribution of Ag island sizes exists after annealing films at the 
same temperature for different times (Figure 4.19 (a, b) & (c, d)). An extended 
anneal time clearly allows the distribution to approximate to a normal distribution, 
with an increase in the average island size for films annealed at the lower 
temperature after 15 hours compared to 1 hour. The film annealed at 300°C for 1 
hour shows a larger number of small islands and a broader distribution of island sizes 
compared to the film annealed at 550°C for the same duration suggesting an 
equilibrium island size is reached in less time when annealing at higher temperatures 
(Figure 4.19 (a) and (c)). 
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Figure 4.19: Island size distribution for Ag films deposited in cycle A (100 nm 
thick) and annealed at 300 and 550°C, each for 1 and 15 hours (a - d). 
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The structure predominance map shown in Figure 4.20 reflects the morphologies of 
Ag observed over a range of temperatures from this work. The map is only based on 
a fixed anneal time of 1 hr since more data is required for longer anneal duration. 
However, thicker films remain continuous for longer at higher temperatures. For 
example, there is less change in microstructure in 820 nm thick films annealed at 
550°C for 15 hrs compared to 300 nm thick films annealed at 550°C for 5 hrs (see 
Figure 4.9 (h) and (1)). At present no such maps have been found in literature to 
compare with. 
Structure Predominance Map 
550 
 
	x 	
 
  
' Interconnected Ag network 
Figure 4.20: Structure predominance map for Ag thin films deposited on single 
crystal YSZ substrates.`x'   denotes data obtained from all samples (including 
preliminary tests on films of arbitrary thickness) with more data required between 300 
nm and 600 nm thickness. 
It is therefore recommended that future electrochemical experiments using thin film 
silver cathodes at least 1 gm thick are operated in air at temperatures less than 500°C 
to prevent void formation and consequent growth. However, hole growth is likely to 
proceed after extended annealing but the dependence on time is less than the 
dependence on temperature based on the changes in morphology observed in this 
study. 
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4.4 Summary 
Silver thin films deposited on single crystal YSZ substrates were shown to become 
thermally unstable under different annealing conditions. A reorganisation of Ag was 
observed, the extent of which depended upon the initial thickness, anneal 
temperature and anneal time, in this study. An agglomeration process was observed 
after investigating post annealed (in air) Ag films and key stages identified in the 
progress from the as-deposited film to the final discontinuous island structure: 
(i) As-deposited dense Ag film. 
(ii) Grain growth and 'induction' period — there is no increase in void/hole growth 
but thermal grooving at the Ag/air interface and/or void formation at the Ag/YSZ 
interface leads to rupture of the film. 
(iii) Hole growth stage — the growth of holes is driven by an attempt to reduce the 
total interfacial energy of the film in a mass transport process occurring via the 
surface self-diffusion of Ag. An interconnected network structure forms and 
holes join to reveal even more of the substrate. 
(iv) Grain separation stage — adjacent holes in the network structure are separated by 
grains, which progressively narrow in a 'necking' process and separate. 
(v) Multi-grain islands separate into single crystal islands which become 
hemispherical in order to minimise its surface energy in equilibrium. A contact 
angle greater than 90° existed for all islands measured, indicating poor wetting. 
Impurities at grain boundaries may affect the degree of thermal grooving and/or void 
formation, since surface diffusion of Ag atoms is the dominating transport process. 
This possibly explains why void formation was not always uniform across the Ag 
surface and not entirely consistent across different samples. 
The majority of the data in this study represents measurements taken across a number 
of nominally identical Ag films annealed at different times. Ideally the observation 
of the Ag microstructure would be made in-situ on the same sample, however this 
was not possible. Therefore nominally identical films were annealed separately since 
the effect of multiple heat ramping processes between SEM observations cannot be 
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assumed negligible. Further work is recommended to investigate the effect of the 
heating rate on the thermal stability of metallic films on ceramic substrates. 
The observed Ag 'island' equilibrium morphology is unfavourable for SOFC 
electrodes since the discontinuity in the microstructure results in inhibited electron 
delivery and collection. Depending on the oxygen reduction reaction mechanism, it 
may be beneficial to tailor thick Ag cathodes to result in a connected network 
structure with a high total km. Patterned Ag cathodes must be at least 1 gm thick 
and operated at temperatures less than 500°C to ensure the integrity of the patterned 
structure is maintained. 
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Characterisation of Lao,6Sro,4Co0•2Feo,SO3 Thin Films 
Produced by Pulsed Laser Deposition 
5.1 Introduction 
Prior to the patterning of LSCF thin films for electrical and electrochemical studies, 
as-deposited and annealed LSCF thin films of different thicknesses deposited on 
single crystal YSZ and Si3N4 (on Si) substrates were characterised by SEM and 
XRD. The microstructure depended on the film thickness and films of a mainly 
columnar microstructure were observed for LSCF greater than 100 nm in thickness. 
5.2 	Results and Discussion 
5.2.1 Influence of Thickness on LSCF Microstructure 
As-deposited films on YSZ and Si3N4 substrates (LSCF on YSZ substrates shown in 
Figure 5.1) were continuous and crack-free with negligible evidence of particle 
deposition during the laser ablation process. A difference in microstructure or 'dual 
growth' was observed depending on thickness. Films below a thickness of 
approximately 100 nm showed grains elongated in the film plane (i.e. grains with a 
larger aspect ratio upon viewing the surface) and in cross-section appeared dense 
(Figure 5.1 (a & c)) suggesting layer-by-layer growth. Burke et al. [191] showed that 
thin films with a grain size in the same range as its thickness may result in restricted 
grain growth. In this thesis, LSCF films 100 nm thick exhibited elongated grain 
sizes that were comparable to the film thickness. It is interesting to note that films 
with roughly 3 times larger film thicknesses of around 300 nm showed the 
characteristic columnar growth expected from the PLD process when viewed in 
Characterisation of La0.6Sr0.4C00.2Fe0803 Thin Films Produced by PLD 
cross-section, with grains appearing triangular upon viewing the surface, 
corresponding to the peaks of the columns and giving rise to an increased surface 
roughness (Figure 5.1 (b & d)). Films above 100 nm thick were observed to be 
slightly porous (image analysis techniques were employed to estimate a porosity of 
approximately 15% above the initial 100 nm thick dense layer) when FIB sections 
were produced (Figure 5.2). Dark contrasting areas between columns indicates 
porosity. Note, the cross-sections in Figure 5.1 (c) and (d) were created by 
fracturing/cleaving the entire sample, which inherently damages the film and 
film/substrate interface and results in ambiguity with regards to its true nature. The 
FIB section shown in Figure 5.2 on the other hand is a better indication of the true 
nature of the section with regards to the porosity, although the overall resolution is 
reduced compared to Figure 5.3. In Figure 5.3 the depth of each column is not easily 
discerned. 
(a) (b) 
300 nm 
   
(c) (d) 
Figure 5.1: Surface view SEM images of as-deposited Ag films 100 nm and 290 nm thick in (a) 
and (b) respectively with their fracture cross-sections shown in (c) and (d) respectively. 
Triangular-like grains are observed for thicker films corresponding to the top of individual 
columns (b). 
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A large target-to-substrate separation was used to achieve greater thickness 
homogeneity (which also reduced the deposition rate) but this may have just 
compromised the optimal position (i.e. where edge of plume coincides with the 
substrate surface) for producing very dense LSCF thin films. In addition, the effect 
of the laser energy (or fluence) on the resulting microstructure is unclear. The 
homogeneity in thickness of as-deposited LSCF films was acceptable for patterned 
cathode studies. A variation of +/- 20 nm in thickness over 1 cm2 was determined. 
YSZ 
	Voids 
200 nm 
Figure 5.2: FIB section of a LSCF thin film on a YSZ substrate. Dark 
contrasting regions of nanoporosity between columns can be seen. 
With increasing thickness the current growth mode is not maintained possibly due to 
any factor that disturbs the energetic requirement for the layer-by-layer growth mode 
i.e. an inability to maintain the lattice parameter, symmetry or orientation of the first 
—100 nm. The system is not given enough time to relax before the next atoms from 
the plume arrive on the surface. 	Such a 'fast' deposition occurs out of 
thermodynamic equilibrium such that the kinetic energy may be insufficient to allow 
atoms to diffuse from their landing site and surface diffusion becomes negligible 
[192]. This results in the sticking of particles where they arrive and consequent 
columnar growth with columns separated by voids that are tens of nanometres wide 
[192] as shown in Figure 5.2. Typically, in thicker films the columns become cone-
shaped terminating in domes at the surface. However, in this work thicker films 
(with a columnar width of approximately 40 nm) had columns that tended to be 
facetted at the surface and not extend to the substrate, but as far as the —100 nm thick 
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dense layer (Figure 5.3). Increasing the deposition (substrate) temperature to 700 °C 
and/or reducing the laser repetition frequency may increase the significance of 
surface diffusion kinetics and produce tighter grain boundaries. 
Columnar 
`Dense' layer 
Figure 5.3: SEM fracture cross-section of a LSCF thin film exhibiting dual growth. 
XRD showed as-deposited films to be crystalline with peak positions corresponding 
to those reported previously for LSCF films and indexed according to refs. [70, 146, 
193], but the (012) peak (i.e. crystallographic direction) was not observed at any time 
(Figure 5.4). In fact, this peak is often associated with Co-rich materials [70] and as 
such its absence is consistent with the LSCF composition (La0.6Sr0.4Coo.2Feo.803) 
used in this study. The most prominent peak for all samples occurs for the (200) 
plane of the YSZ single crystal, as expected since its parallel planes act like multiple 
stacked mirrors reflecting the incident x-ray beam. The intensities plotted in Figure 
5.4 are relative to the maximum LSCF peak, which occurs for the (110) plane and is 
consistent with La0.6Sr0.4Co1_yFey03_5 films on YSZ with y = 0 (LSC), 0.2 (LSCF), 
0.8 (LSCF) and 1 (LSF) as determined by Baumann et al. [70]. A shift in LSCF peak 
positions in this study by approximately 1° to smaller angles is observed relative to 
the peak positions presented by Baumann et al. using a Co-rich composition [70]. 
However, the shift is expected to be particularly pronounced for the (110) and (220) 
peaks since the Fe-rich composition in this study is reported to shift the peaks to 
smaller angles (signifying an increase in the lattice constant) due to a larger Fe3+ 
ionic radius compared to Co3+ [70]. 
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A dependence on film thickness for the relative intensity of peak positions was 
observed indicating the reduction of texture with increasing film thickness from the 
initial preferred orientation on the (110) plane. This is directly related to the dual 
growth previously discussed, with thin (<100 nm thick) dense LSCF layers almost 
single crystalline in nature and likely to be influenced by the substrate. 
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Figure 5.4: XRD spectra of as-deposited LSCF thin films 100 and 870 nm thick on single crystal 
YSZ, with peak positions from Beckel et al. [193] and Baumann et al. [70] superimposed. 
5.2.2 Post Annealing of LSCF Thin Films 
As-deposited LSCF thin films were annealed at 600°C for 4 hours to simulate 
operating conditions; particularly during electrical/electrochemical testing (although 
a maximum temperature of 550°C was used in electrochemical testing). There was 
no apparent change in the XRD pattern on post-annealing (see Figure 5.5). 
However, an investigation of the thin film microstructure revealed that thinner films 
approximately 100 nm thick showed a 78% increase in grain size (Figure 5.6 (a & b)) 
with grains tending to be arranged in a more ordered manner, whereas films 
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approximately 300 nm thick showed no relative change in grain size (Figure 5.6 (c & 
d)) and therefore increased thermal stability. 
Figure 5.5: XRD spectra of a LSCF thin film taken in the as-deposited state and after annealing 
at 600°C for 4 hours. 
As-deposited 
	
Post annealed 
(a) 
—100 nm 
(c) 
—300 nm 
(b) 
(d) 
Figure 5.6: SEM images comparing LSCF surface microstructures before and after annealing 
for 100 nm (a & b) and —300 nm (c & d) thick films. The average grain size in (a) and (b) is 45 
nm and 80 nm, respectively and 66 nm in (c) and (d), respectively. 
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It is shown in the literature that interfaces between LSCF and YSZ may lead to the 
formation of insulating reaction products such as La2Zr2O7 or SrZrO3 at temperatures 
above 800°C either during film growth or operation, particularly in the case of LSCF 
films hundreds of nanometres thick [70, 83]. At the limit of SEM resolution, no 
interfacial layer between the LSCF thin film and the YSZ substrate is visible for the 
as-deposited films shown in Figure 5.1. The operating temperature in this work did 
not exceed 600°C, which is the same as the substrate temperature during deposition. 
As previously stated, no significant changes are observed in the XRD spectra of as-
deposited and annealed LSCF films. One may argue that if the reaction products are 
formed during deposition then a difference in the XRD spectra after annealing the 
film at the same temperature is unlikely to exist. However, Baumann et al. [65, 70] 
point out that for La0.6Sr0.4C00.8Fe0.203_8 deposited at 770-800°C the (012) and (024) 
peaks assigned to the LSCF may correspond to the (220) and (440) reflections of 
La2Zr2O7 which occur at very similar angles according to refs. [194, 195]. The 
authors deduce that the intensity ratio between the two peaks in question is —1:5, 
whereas it is —1:400 for La2Zr2O7 [194] and therefore the reflections are from the 
LSCF. A similar observation was made in this work using a Fe-rich LSCF 
composition. 
Large grain growth was observed for approximately 300 nm thick LSCF thin films 
annealed at 900°C for 4 hours (see Figure 5.7 (a & b)). Separation of grains is 
visible and therefore the film has developed porosity which is seen more clearly in 
the backscattered image of Figure 5.7 (c). A similar observation was made by Lai et 
al. [141] upon annealing —54 nm thick La0.6Sr0.4Coo.8Feo.203.5 at 750°C. The same 
large grain growth is shown with 'grains and grain junctions not in intimate contact', 
similar to the process discussed in Chapter 4. It is interesting that in this case single 
crystal YSZ was also used as a substrate material. The authors observed that when 
nanocrystalline YSZ substrates were used the LSCF grains remained in contact but 
cracks developed. No cracks were observed in the LSCF films used in this work. 
This in part may be due to a relatively small mismatch in lattice parameters i.e. 5.12 
A and 5.49 A for YSZ and La0.6Sr0.4030,2Fe0.803_8, respectively. However, the 
thermal expansion coefficients of the two materials differ by —50% i.e. 15.3x10-6 K-1  
and 10.5x106 K-1 for La0.6Sr0.4000.2Feci.803_8 and single crystal YSZ, respectively. 
The absence of cracks indicates that little shrinkage of the LSCF film occurred 
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during the high temperature anneal, since the film is constrained by the substrate and 
such shrinkage often results in cracking. It is therefore likely that the LSCF is under 
considerable strain. The morphological changes observed are in fact similar to the 
initial stages of solid state dewetting shown for metallic thin films on ceramic 
substrates, as presented in the previous chapter. Beckel et al. [146] investigated the 
dewetting of LSCF thin films deposited by spray pyrolysis and PLD on sapphire 
single crystal, polycrystalline aluminium oxide and Si substrates over the 
temperature range 600 - 900°C. The increase in porosity with anneal temperature 
and time suggests that LSCF (particularly < 100 nm thick) should be operated at 
temperatures less than 600°C for minimal duration. 
Figure 5.7: SEM images of LSCF thin films annealed for 900°C for 4 hours shown in (a) and at 
greater magnification in (b). A backscattered electron image is shown in (c) where the contrast 
between large and small grains may represent a difference in orientation. 
5.3 Summary 
LSCF thin films deposited by PLD onto single crystal YSZ substrates were 
continuous, homogeneous and reproducible. The LSCF thin film microstructure was 
seen to vary according to the thickness of the film. With a thickness of 
approximately 100 nm, elongated grains with large aspect ratio were observed and 
films appeared dense in cross-section. LSCF films greater than 100 nm thick showed 
an initially dense layer approximately 100 nm thick followed by columnar growth 
with triangular-shaped grains (viewed from above) and some nanoporosity. Thinner 
films showed increased preferential growth on the (110) plane with increased grain 
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growth upon annealing at 600°C compared to thicker films. The LSCF films appear 
suitable for pattering via photolithographic and etching techniques as discussed in the 
following chapter. 
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Design and Fabrication of Patterned LSCF Cathodes 
with Gold Current Collectors 
6.1 Introduction 
The design and fabrication of LSCF patterned cathodes of different geometries is 
discussed in this chapter. Three LSCF cathode geometries are discussed: (i) fixed 
/TPB, varied area (ii) fixed area, varied trpB and (iii) gold-capped LSCF with constant 
area and hpg. The microfabrication process was developed to optimise the patterning 
of LSCF thin films, including an investigation on the effectiveness of wet-etching 
LSCF thin films in dilute HCl versus thy-etching via Ar+ sputtering. The final 
optimised electrodes are presented. 
6.2 	Cell Design 
A three-electrode cell design comprised of the working, counter and reference 
electrodes (WE, CE and RE, respectively) was used in order to directly investigate 
the WE/electrolyte interface for a given electrode geometry. This is as opposed to a 
symmetric WE/CE arrangement that sums the impedances of the two electrodes. 
Such a design also enables the simulation of fuel cell conditions i.e. loading, by 
applying a steady-state potential to the cell as alternating current (AC) impedance 
spectroscopic measurements are taken at varying frequencies. The cathode may 
perform differently i.e. exhibit a different polarisation resistance depending on its 
potential and this will be investigated. A cell design with electrodes symmetrically 
positioned on the single crystal YSZ electrolyte substrate was adopted. An 
unpatterned 10 mm2 LSCF CE geometry was used for all samples, with LSCF WE 
geometries etched within a 8 mm2 area connected via an external frame as shown in 
Figure 6.1 (a & b). The WE geometry consisted of a number of stripes varying in 
4-2 mr4 
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width and separation to investigate the effect of LSCF area and [(TB on the 
corresponding electrochemical performance. An example is shown in Figure 6.1 (b). 
Note: the significance of the patterned gold (Au) current collector is discussed in 
section 6.3. 
(a) 
Figure 6.1: Schematic representation of the half cell design viewed from above and from 
the side (a). An example of the WE viewed in cross-section is shown in (b). Note: the 
cathode design is shown without the current collection layer in (a) and with current 
collection in (b). 
The electrode placement adopted is experimentally convenient since it allows the 
exposure of the RE and WE to the same gas composition. The measured potential is 
essentially that across the WE/electrolyte (LSCF/YSZ) interface with the assumption 
that the electrode is at a uniform potential. However, it is known that in such 
electrode arrangements proper positioning of the RE is important to avoid 
experimental measurement errors [69, 196-198]. Misalignment of the WE and CE 
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edges results in considerable changes to the current density near the edge of the 
electrodes. Therefore the overpotential measured between RE and WE is duly 
affected. Adler et al. [199] determined by finite element modelling that correct 
results are generally obtained for a WE to RE separation greater than 3 times the 
electrolyte thickness (3 x 0.5 mm in this case). Winkler et al. [198] determined that 
the WE and CE misalignment should be less than 10% of the electrolyte thickness 
(50 vin in this case). 
The WE and CE were therefore designed to be symmetric to each other within 10% 
of electrolyte thickness. A circular RE of 2 mm diameter was separated from the 
working electrode by 3.5 cm (>3x the electrolyte thickness). This was to reduce 
electrochemical measurement errors by ensuring the RE is at a known potential and 
minimising the misalignment between WE and CE. The alignment strategy used is 
discussed in Appendix (iii). 
6.3 	Sheet Resistance of a Patterned LSCF Cathode 
Due to the relatively low electronic conductivity of bulk LSCF (30700 Sm-1 at 
600°C) [144] and reduced cross-sectional area (-5.8x wiz m2) of LSCF structures in 
this study, a novel gold Au current collection geometry was employed to achieve a 
homogeneous potential over the LSCF cathode during electrochemical 
measurements. It has been reported by Das et al. [112] that the effect of the 
electrode sheet resistance is significant and may result in considerable errors in the 
polarisation resistance measured. Cimenti et al. [200] also report on the variation in 
potential along the length of a WE stripe in the case of patterned WEs that can cause 
EIS distortions. The requirement is that the potential drop over the electrode should 
be much less than the potential over the LSCF cathode/YSZ interface, which is the 
measurement in question. Assuming a typical AC amplitude of 10 mV, this is the 
upper limit of the potential drop permitted. An Au current collector patterned 
centrally along each patterned LSCF stripe, with half the LSCF stripe width is 
intended to reduce potential drops due to the cathode geometry, whilst controlling the 
LSCF active area and TPB lengths. The active area of the WE is denoted by the total 
area along each patterned stripe that is not covered by Au. 
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Finite element analysis (FEA) using COMSOL Multiphysics 3.4 confirmed the 
necessity of the Au current collector structured along each LSCF stripe to reduce the 
potential drop from the furthest stripes to the two electrical pickup points on the 
outer-frame. A basic 3-dimensional DC model consisting of the LSCF with and 
without the Au current collection of assumed conductivity 45.2x 106 Sm-1 was 
compared. It was found that the potential drop between the furthest LSCF stripe and 
the electrical pickup would be reduced from 300 mV to 0.2 mV when the current 
collector is applied (see Figure 6.2). 
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Figure 6.2: Results of finite element modelling of the electric potential as a function of surface 
position, without (a) and with (b) Au current collection. The horizontal stripe arrangement is 
favourable compared to a vertical arrangement due to increased current paths. Note: the symmetry 
of the design only required one quarter of the total, which saved on memory and computation. 
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Further details of the FEA can be found in Appendix (iv). 
6.4 	Patterned LSCF Designs 
It is reported in the literature that the oxygen reduction reaction at LSCF cathodes 
occurs via the solid state oxygen diffusion path, but it is the surface reaction which is 
rate limiting [65, 68]. However, it remains to be seen whether or not a surface area 
dependence remains at low temperatures, to the best of the authors' knowledge. 
Likewise, it remains to be seen whether or not a temperature range exists over which 
tug becomes significant in oxygen reduction. 
The LSCF geometries proposed for the investigation of the oxygen reduction 
reaction mechanism are discussed in the following sections. 
6.4.1 Fixed Three-Phase Boundary Length, Varied Area 
This geometry is designed to determine whether or not there is a temperature regime 
where the oxygen reduction reaction at La0.6Sr0.4C00.2Fe0.803 becomes more active 
with increasing LSCF surface area. Does the surface path shown in Figure 2.1 
become rate determining in preference to the parallel bulk path at low temperatures? 
In general, in the high temperature limit (>550°C), bulk diffusion of 02" remains 
facile such that the bulk path is rate determining with oxygen reduction occurring 
over the entire MIEC surface (Figure 6.3 (a)). The intention is to investigate oxygen 
reduction in the low temperature limit, where bulk diffusion is slow to determine 
whether or not oxygen reduction occurs only at TPBs (Figure 6.3 (b)). 
By measuring the area specific resistance (ASR) of LSCF cathodes varying in active 
area (with constant 1TPB) as a function of temperature, one can identify a change in 
the reaction mechanism as the temperature is reduced. For instance, if the relative 
performance is similar at lower temperatures but not at higher temperatures then it is 
reasonable to suggest a switch from bulk determined kinetics to surface determined 
kinetics, inhibited by oxygen reduction occurring at TPBs. 	Likewise, an 
improvement in performance with decreasing surface diffusion lengths is indicative 
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of a surface determined process. The cathode area is increased by increasing the 
stripe width (which also increases the surface diffusion length), whilst ensuring the 
number of stripes (and therefore hpB) remains constant. 
(a) 	 (b) 
High bulk diffusion 	 Low bulk diffusion 
YSZ 	 YSZ 
LSCF 
Figure 6.3: Schematic representation of possible oxygen reduction mechanisms in the limit of 
high bulk diffusion of oxygen (a) and low bulk diffusion of oxygen (b). Note: the current collector 
is omitted for clarity. 
The cathode designs of this geometry are summarised in Table 6.1 of section 6.4.5 
i.e. cathodes 4, 5 and 6. 
6.4.2 Fixed Area, Varied Three-Phase Boundary Length 
In a similar manner to section 6.4.1 the effect of additional trpB can be investigated 
by changing /TPB and fixing the cathode area (by increasing the number of stripes and 
reducing the stripe width accordingly). If irpg is less significant compared to the 
surface area then electrochemical experiments are expected to demonstrate similar 
ASRs between the electrodes of different 'TPB• 
A variation in irpB of at least an order of magnitude is proposed, requiring narrow 
stripes and reduced stripe-to-stripe separation. A limit of 20 gm is imposed based on 
previous fabrication-related studies seen for LSCF [65, 68, 80]. It is unclear whether 
or not the range in hpB is sufficiently large to measure significant changes in 
electrode polarisation. Therefore, results gained using electrodes of this geometry 
are expected remain complimentary to those using the geometry discussed in section 
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6.4.1. The cathode designs of this geometry are summarised in Table 6.1 of section 
6.4.5 i.e. cathodes 1, 2 and 3. 
6.4.3 Gold-Capped LSCF With Constant Area and TPB Length 
Since the rate limiting steps of the oxygen reduction reaction is geometry dependent 
for MIEC LSCF, one can arrange the geometry in such a way as to restrict a 
particular pathway. The patterned electrode designs discussed so far are purely for 
mechanistic studies, where films are assumed dense and not necessarily 
representative of actual SOFC cathodes. With reference to Figure 6.3, the oxygen 
reduction mechanism is broadly discussed in the two extreme cases of high and low 
bulk diffusion. However, there may be an intermediate state where surface diffusion 
becomes important. It then becomes a non-trivial process to distinguish between 
oxygen reduction that occurs close to TPBs (within a utilisation distance, — Dlk) 
from a surface diffusion process (see Figure 6.4). Such a surface diffusion process 
involves the transport of oxygen species to TPBs, where they are reduced and 
incorporated into the YSZ electrolyte. 
Intermediate state 
Is 	 YSZ 
Figure 6.4: Schematic illustration of the possible oxygen reduction mechanisms for the 
intermediate state with respect to the two extreme cases considered in Figure 6.3. Oxygen 
reduction may occur over a utilisation distance, Is (i) and/or via surface diffusion of oxygen 
species to TPBs (ii). 
The design shown in Figure 6.5 is intended to be used to investigate the oxygen 
reduction pathway when only gwd La0.6Sr0.4C00.2Fe0.803 cathode 'side walls' are 
exposed to oxygen. By blocking the LSCF (top) surface to oxygen, the 
(conventional) bulk diffusion pathway from the largest surface of each stripe is 
assumed inaccessible (see Figure 6.5 (a)). In the extreme case at high temperature 
where D remains sufficiently large, one expects the oxygen surface exchange 
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reaction to occur over the entire side wall area with (fast) bulk transport of 02- to the 
LSCF/YSZ interface (see Figure 6.5 (a)). As a result, a largely increased ASR 
(scaling with the cathode area) is expected compared to the uncapped case. In the 
low temperature limit where bulk diffusion is no longer facile, oxygen reduction is 
expected to occur at TPBs, effectively independent of the cathode area (see Figure 
6.5 (b)). Given a constant /TpB and in the low temperature limit, the ASR is expected 
to remain constant with respect to a change in wall 'height' i.e. LSCF thickness. 
However, the reaction mechanism for the intermediate case described above may be 
distinguished using LSCF cathodes of constant /TpB and stripe width/separation. The 
ASR can then be measured as a function of the side-wall height, h over a given 
temperature range. If surface diffusion prevails then an increase in the side wall 
height should be associated with an increase in the ASR due to extended diffusion 
lengths; the utilisation length is not expected to change (see Figure 6.5 (c)). Based 
on the ASR alone, it may not be clear whether or not surface diffusion or bulk 
diffusion has occurred. However by examining the capacitance associated with the 
electrode resistance from impedance measurements one may determine the relative 
importance of the bulk e.g. a large capacitance may indicate a large activity from the 
LSCF bulk. The cathode designs of this geometry are summarised in Table 6.1 of 
section 6.4.5 i.e. cathodes 7, 8 and 9. 
YSZ 
	
YSZ 
Intermediate state 
YSZ 
Figure 6.5: Schematic illustration of the possible oxygen reduction mechanisms in the case of Au-
capped LSCF. The two extreme cases of high and low bulk diffusion are illustrated in (a) and (b), 
respectively. In the intermediate state oxygen reduction may occur over a utilisation distance, 4 
that does not change with thickness and/or via surface diffusion of oxygen species along the LSCF 
side wall to TPBs. 
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In a similar way Koep et al. [132] utilised a photolithographic process incorporating 
a lift-off technique to cap patterned LSM structures with TiO2 deposited by electron-
beam evaporation for mechanistic studies. Although the TPB's were well-defined, 
the insulating TiO2 did not cover the LSM structure completely. Up to 2 pm from 
the edge of the LSM structure remained uncovered by TiO2 due to the initial 
sputtered LSM which built up at the edges of the photoresist shadow mask. 
6.4.4 Fixed LSCF Area & Three-Phase Boundary Length, Varied Au 
Current Collector Three-Phase Boundary Length 
The purpose of this geometry is to assess the influence of the Au current collector on 
the electrochemical measurements of LSCF. Is there a contribution due to 
electrochemical activity at TPBs denoted by the Au/LSCF/gas interface? Although 
Au is widely regarded as being inert to the oxygen reduction reaction, it cannot be 
assumed negligible. If the Au behaves catalytically then the electrochemical 
reactions cannot be deemed only due to the LSCF. A fixed (unpatterned) LSCF 1 x 
1 cm WE will be used in conjunction with a patterned Au current collector on top, 
varying in hpg but with constant area. If the Au is shown to be active towards 
oxygen reduction in some way then LSCF geometries which vary in /TpB (whilst 
constant in active area i.e. cathodes 1 — 3) utilising this method of current collection 
may produce misleading results. The cathode designs of this geometry are 
summarised in Table 6.1 of section 6.4.5 i.e. cathodes 10 and 11. The feasibility of 
applying the patterned electrode and novel current collector combination adopted in 
this work for micro-SOFC thin film mechanistic studies will also be assessed. The 
impedance of nominally identical LSCF cathodes will be compared, with and 
without the Au current collector applied (cathodes 3 and 12 in Table 6.1). 
6.4.5 Summary of Designs 
A summary of the proposed LSCF WE designs are shown in Table 6.1 along with the 
corresponding Au current collector design. 
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Sample 
LSCF 
Stripe/Gap 
Width 
[pm] 
'Effective 
LSCF Area 
Coverage 
[cm2] 2-d/3-d 
LSCF 
trpB 
[m/cm2] 
LSCF 
Thickness 
[nm] 
Au 
Stripe/Gap 
Width [am] 
Au trpB 
[m/cm2] 
Cathode 1 330/330 0.158/0.159 0.264 290 165/495 0.268 
Cathode 2 110/110 0.158/0.160 0.648 290 55/165 0.652 
Cathode 3 20/20 0.159/0.169 3.26 290 10/30 3.26 
Cathode 4 130/20.5 0.276/0.278 0.914 290 65/85.5 0.921 
Cathode 5 50/100 0.106/0.109 0.923 290 25/125 0.925 
Cathode 6 20/130 0.042/0.045 0.926 290 10/140 0.927 
Cathode 7 110/110 0/0.003 0.648 470 110/110 0.648 
Cathode 8 110/110 0/0.002 0.648 290 110/110 0.648 
Cathode 9 110/110 0/0.0008 0.648 125 110/110 0.648 
Cathode 10 8000/0 0.482 0.048 290 165/495 0.268 
Cathode 11 8000/0 0.481 0.048 290 10/30 3.26 
Cathode 12 20/20 0.758/0.768 3.26 290 0/0 0 
Table 6.1: Summary of geometrically well defined photomask patterns and LSCF thickness. 
'Effective LSCF area is the LSCF not covered by Au. Note: ideal values are shown assuming a 
perfectly straight stripe edge. 
6.5 	Optimisation of Photoresist Profile 
The pattern transfer from the photomask design to the photoresist is of upmost 
importance with regards to an accurate reproduction of LSCF WE design. The LSCF 
thin film is deposited as a continuous layer via PLD and consequently etched (see 
section 6.6) using the pattern defined by the photoresist. In other words, if the mask 
image is poorly reproduced in the photoresist, it will also be poorly reproduced in the 
LSCF thin film. 
The optimised photolithographic recipe was shown in section 3.6.2 of Chapter 3 for 
both positive and negative photoresist. However, various stages of the photoresist 
pattern transfer process required tuning to avoid distortion of the photoresist profile. 
In the case of positive photoresist used in the patterning of LSCF, rounded stripe 
edges and undersized features by up to 30% were initially produced (see Figure 6.6 
(a)) due to the reasons discussed below: 
(i) Edge beading of photoresist (see section 3.6.2 for a more detailed discussion): 
The spinning of photoresist on small (< 2" width) square substrates as in this 
work results in an accumulation of photoresist at the corners and edges of 
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substrates. The resulting separation between the mask and substrate may be up to 
30 gm, leading to poor contrast at pattern edges. Edge beaded photoresist was 
removed as described in section 3.6.2). 
(ii) Over-development: Submerging the exposed photoresist for too long in the 
developer solution dissolves more photoresist than is necessary, thus eroding 
unexposed regions that define the pattern. 	In an iterative process, the 
development time was reduced from 90 s to 60 s based on the optimal exposure 
energy. The effect of reducing the development time on the photoresist profile is 
shown in Figure 6.6 (b). The increased stripe width is much closer to the 20 gm 
mask design. However, the short development time of 10 s is impractical 
(reducing the reproducibility) and is also indicative of over-exposure. 
(iii) Over-exposure: Preliminary work showed that an exposure of 450 mJ/cm2 results 
in considerable over-exposure of the photoresist, resulting in reduced feature 
sizes and rounding of corners. The significance of scattering and diffraction of 
UV rays at the edges of mask patterns is increased. The exposure was reduced to 
73.6 mJ/cm2 (i.e. development time of approximately 8 s reduced from 47 s). 
(iv) Hard baking (after development): In order to strengthen the photoresist in 
preparation for the dry etching process, it is usually baked after development. 
Preliminary work showed bake temperatures in excess of 105°C resulted in 
rounded corners of the patterned photoresist due to surface tension. In analogy to 
the work presented in Chapter 4 this is due to the photoresist film attempting to 
minimise its surface energy. A reduction in bake temperature to 100°C 
minimised the rounding as shown in the photoresist profile in Figure 6.6 (c) 
(where all other parameters are not yet optimised). An increase in the 
photoresist/contact angle to approximately 65° can be seen. 
(v) Back-reflection: Back-reflection of UV radiation was not a direct issue in this 
work, but was noticeable when conducting photoresist profile tests on 
(transparent) bare YSZ single crystal substrates. Without the dark LSCF film the 
YSZ substrate is more reflective. Additional exposure of the photoresist from 
reflected UV radiation results in over-exposure and the exposure of areas beneath 
the chrome patterns on the photomask. Therefore Si wafer pieces with a 1 gm 
thick Si3N4 layer were mostly used in the photoresist profile investigation. 
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The effect of reducing the development time, hard bake temperature and exposure on 
the photoresist profile is shown in Figure 6.6 (d). 
(a) 
	Initial Parameters 	 (b) Reduced Development Time 
(c) 	Reduced Hard Bake Temperature 	(d) 
	
Optimised Parameters 
Figure 6.6: Optimisation of the positive photoresist profile for 20 vim wide stripe patterns viewed in 
cross-section on the same substrate. "The photoresist profile based on standard parameters is shown 
in (a). The effect of reducing the development time and hard bake temperature is shown in (b) and 
(c), respectively (assuming no change in other parameters). The optimised photoresist profile is 
shown in (d) with a contact angle of 75°. 
A similar process was applied to the optimisation of negative photoresist, used for 
patterning Au thin films via a photolithographic lift-off technique (see section 3.6.2 —
3.6.3 in Chapter 3). The main refinement to the recipe was an increase in 
development time to increase the undercut in the negative photoresist (see Figure 
6.7). An undercut is required to allow a solvent access to the photoresist so that it 
can be dissolved and the unwanted Au film lifted-off (see Figure 3.9 in Chapter 3). 
Without an adequate undercut the Au film readily tears as it is lifted off (see Figure 
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6.7 (b)). Hard baking is not necessary since the negative photoresist is not subjected 
to a dry-etching technique and does not require strengthening. 
(a) 
	
(b) 
(c) 
Photoresist 
Si3N4  
Figure 6.7: Optimisation of negative photoresist profile for 10 gm wide Au stripe patterns viewed 
in cross-section on the same substrate. The photoresist profile based on standard parameters is 
shown in (a), with the corresponding lifted-off Au film in (b). The optimised photoresist profile is 
shown in (c) with an undercut of approximately 1 p.m. 
6.6 Etching 
6.6.1 Wet Etch in Hydrochloric Acid (HC1) 
LSCF patterned films were fabricated using two different etching processes, one wet 
and one dry. Wet etching using diluted HC1 provided a fast etch rate of 
approximately 400 nm/min. Since the film thickness was only 100 to 470 nm this 
process is hard to control for fine etching towards the substrate. LSCF films were 
shown to readily over-etch with the observation of an undercut greater than the film 
thickness in the extreme case (Figure 6.8 (a)). This is undesirable for patterning, as it 
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resulted in LSCF stripe widths less than the optimised photoresist stripe width. 
Considerably roughened edges also resulted with an estimated increase in [cm in 
excess of 5% (see Figure 6.8 (b)). However, the protected LSCF remained adhered 
to the YSZ substrate. There was no detectable etching of the YSZ single crystal, 
which remained stable during the etching process. Note: an attempt was made to 
pattern Ag films using a similar wet-etch technique and is discussed in Appendix (i). 
(a) 
	
(b) 
Figure 6.8: SEM image of —450 nm thick LSCF film wet-etched for 1.5 min shown in cross-
section with the protective photoresist mask pattern in (a) and after removal of the photoresist, 
shown in top view in (b). Note partial etching of LSCF is shown in (b) for etch rate determination. 
6.6.2 Dry Etch via Ar+ Sputtering 
Dry etching resulted in an improved edge profile with a maximum contact angle of 
75° to the substrate (Figure 6.9 (a)). The edge profile was less rough than in the HC1 
etch (compare Figure 6.8 (b) and Figure 6.9 (c)), but due to extended etching periods 
up to 300 min (LSCF etch rate of 3.4 nm/min, Table 6.2), photoresist and/or re-
deposited LSCF was shown to remain at the patterned stripe edge after multiple 
removal attempts (Figure 6.9 (b)) (refer back to section 3.6.4.2 in Chapter 3). Heat 
treatment in air at 500°C for 4 hours removed the bulk of the remaining material on 
the LSCF surface. 
Additional etching time of 50-60 minutes was required in order to obtain an 
improved LSCF stripe profile. A wedge-shaped step feature was seen to exist at the 
edge of each LSCF stripe as shown in Figure 6.10 (a), due to the < 90° photoresist 
contact angle (refer back to Figure 6.6 (d)). Photoresist at the very edge of the 
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patterned structure is eroded faster, where it is thinner, resulting in the gradual 
etching of photoresist away from the edge as shown schematically in Figure 6.10 (b) 
(region ii). The resulting LSCF profile reflects the eroding photoresist structure. 
The Ar+ sputter-etch process is not intended for the extended etch times used in this 
work and therefore a more 'resistant' photoresist is required along with an increase in 
the contact angle of the photoresist. As seen in Figure 6.10 (a), after significant 
erosion, a gathering of sputtered photoresist/LSCF/YSZ forms at the LSCF stripe 
edge as previously discussed. 
(a) 
(b) 
	
(c) 
Figure 6.9: FIB section of a LSCF stripe edge profile after dry etching and annealing at 500°C for 
4 hours (a). Redeposited photoresist/LSCF extending 750 nm from the LSCF stripe edge is shown 
in cross-section in (h) and from above in (c). 
The dry-etched LSCF yielded structures closest to the original photomask design. 
Therefore, dry-etching was the method chosen to produce gwd cathodes in this study. 
Etch rates are summarized in Figure 6.10. The etch rate of single crystal YSZ was 
approximately 3 times less than the LSCF at 1.1 nm/min. As a result a few nm of 
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YSZ was etched between LSCF stripes. A similar result is reported by Baumann et 
al. [70]. 
Material Etch Type Etch Rate 
Single Crystal YSZ Dry - Ar+ Sputtering 1.1 run/min 
Si3N4 Dry - Ar+ Sputtering 4.04 nm/min 
1-40.6Sr0.4030.2Fe0.803_8 Dry - Ar+ Sputtering 
3.1 nm/min - 3.4 
nm/min 
La0.6Sr0.4C00.2Fe0.803-3 Wet - HC1:H20 (1:2) 400 nm/min 
Table 6.2: Summary of wet and dry etching parameters obtained in this work. 
Figure 6.10: Fracture section of a LSCF and photoresist stripe edge profile after dry etching (a). 
Redeposited photoresist/LSCF is present before photoresist removal. The circled region in (a) 
indicates the 'wedge' step-like feature in the LSCF profile referred to in the text. A schematic 
illustration of the process leading to this step-like feature is shown in (b). Unprotected LSCF is 
etched freely in region (i). Erosion of photoresist in region (ii) then proceeds, leading to the step, 
where further erosion occurs in region (iii). 
In order to fabricate patterned LSCF cathodes capped completely by Au, the LSCF 
and Au were dry-etched simultaneously using a single photolithography step. This 
ensured that no misalignment between the WE and Au current collector existed. 
However it was not possible to view the samples in cross-section (via FIB sectioning 
or fracture cross-sectioning) prior to EIS testing to check the integrity of the 
electrode structure. Instead, the side walls of each as-fabricated patterned electrode 
stripe were investigated by tilting the sample in the SEM chamber as shown in 
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Figure 6.11. The Au appears to uniformly cover the LSCF up to the stripe edge 
leaving the LSCF 'wall' thickness visible. However the LSCF side walls appear to 
differ in microstructure but no significant flaws are evident. In Figure 6.11 (a) and 
(b) the thicker LSCF walls appear to be quite rough (although the smaller tilt angle in 
(b) makes this difficult to see) whereas it appears very smooth in the case of Figure 
6.11 (c). Redeposited etched material discussed previously can be seen at the stripe 
edge for the 290 nm thick LSCF film but not the 470 nm thick LSCF film in Figure 
6.11 (b) and (a), respectively. In the case of the thinnest LSCF film, a similar crust is 
observed, but is of a different contrast (see Figure 6.11 (c)). This suggests a different 
redeposited material such as YSZ may be present due to over etching. Further 
investigation by FIB-sectioning after EIS measurements were taken revealed less 
than ideal stripe profiles in each case. This is discussed in more detail in section 
8.3.2.4 of Chapter 8. 
(a) — Cathode 7 (470 nm 
	 (b) — Cathode 8 (290 nm 
(c) — Cathode 9 (125 nm) 
Figure 6.11: Tilted SEM images of as-etched LSCF/Au stripe side walls for cathodes 7, 8 and 9 
are shown in (a), (b) and (c), respectively. 
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A summary of the electrode geometries corrected (with respect to the model 
geometries shown in Table 6.1) by combination of SEM, FIB and surface profile 
measurements is shown in Table 6.3. The additional ITPB due to dry-etching becomes 
more significant as the LSCF stripe width is reduced. For example, the model ITPB 
for cathodes 4, 5 and 6 is approximately 0.92 ± 0.01 m/cm2 where an equal number 
of stripes are used with widths 130, 50 and 20 gm, respectively (see Table 6.1). 
However, fabricated cathodes 4, 5 and 6 show an increased ITPB of 1.05, 1.18 and 
1.77 m/cm2, respectively. This suggests that an LSCF feature size of no less than 20 
pm should be patterned by Ar+ sputter etching if high edge quality is required. 
Sample 
LSCF Area All 
surfaces 
[cm2] 
(corrected) 
LSCF ITPB 
(corrected) 
[m/cm2] 
Au ITPB 
(corrected) 
[m/cm2] 
Cathode 1 0.158±0.003 0.30±0.02 0.36±0.02 
Cathode 2 0.146±0.009 0.84±0.04 0.72±0.04 
Cathode 3 0.156±0.006 3.5±0.2 3.3±0.2 
Cathode 4 0.267±0.008 1.05±0.05 1.25±0.06 
Cathode 5 0.097±0.018 1.18±0.06 1.14±0.06 
Cathode 6 0.038±0.006 1.77±0.09 1.44±0.07 
Cathode 7 0.017±0.004 0.71±0.04 As LSCF ITPB 
Cathode 8 0.002±0.0005 0.65±0.03 As LSCF ITPB 
Cathode 9 0.0008±0.0005 0.70±0.04 As LSCF ITPB 
'Cathode 10 0.482+0.003 0.064±0.003 0.36±0.02 
'Cathode 11 0.481±0.003 0.064±0.003 3.3±0.2 
Cathode 12 0.752±0.006 3.5±0.2 - 
Table 6.3: Working electrode geometries corrected via SEM, FIB and surface profiling 
measurements after fabrication. 'Note: counter electrodes were --445 nm thick 
compared to the 290 nm standard thickness in all other cases. 
6.7 	Fabricated Half-Cells 
Patterned LSCF WE, CE and RE were successfully fabricated and symmetrically 
positioned on single crystal YSZ substrates. An example of a typical half-cell 
produced for EIS testing is shown in Figure 6.12 (a), where the —110 pm wide LSCF 
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stripes of cathode 2 are only just resolved (although Au is mostly visible). The 
unpatterned CE is shown inset in Figure 6.12 (a). 
In Figure 6.12 (b) and (c) optical microscope images of cathode 3, with 20 pm wide 
LSCF stripes and LSCF — to — LSCF gaps are shown. Au stripes 10 pm in width 
were successfully structured centrally along each LSCF stripe in Figure 6.12 (c). 
Figure 6.12: A typical fabricated half-cell showing the patterned WE (cathode design 2) is shown 
in (a) with the CE side shown inset. Optical microscope images of the patterned WE (cathode 3) 
and patterned Au current collector is shown in (b) and (c). 
6.8 	Thermal Stability of Au Deposited on LSCF 
An initial Au thickness of approximately 200 nm was proposed for the current 
collector. However, preliminary tests at the operating temperature of 600°C for one 
hour (in air) resulted in the dewetting of Au, as seen in Figure 6.13 (a). A dense 
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continuous film is required for adequate current collection and for control of the 
exposed LSCF active area. Therefore, the Au thickness was increased from 180 nm 
to 365 nm. 
To test this new, thicker Au layer, LSCF was selectively deposited over half the area 
of a single crystal YSZ substrate. Au was then sputter coated over the entire surface 
i.e. on the LSCF layer and YSZ. After repeating the heat treatment, an interesting 
result occurred as shown in Figure 6.13 (b). Au only showed void formation where it 
was deposited on the YSZ directly and remained dense where it was deposited on the 
LSCF layer (as required). This is interesting because a common substrate was used 
and the sample was subjected to the same thermal energy and atmosphere. Both the 
LSCF and YSZ are ceramic materials but a key difference between the two is that 
LSCF is a mixed conductor i.e. electronic conductivity is possible. This suggests 
that the electronic structure of the substrate and deposited film may influence the 
dewetting. The difference in interfacial energies is also important, as is the 
difference in TECs, which are 10.5x10-6 K-1, 15.3x10-6 K-1 and 16.9 x10-6 K-1 for 
YSZ, La0.6Sr0.4C00.2Fe0.803_6 and Au at 873 K, respectively. The LSCF interlayer 
reduces the stress and strain in the Au, which may reduce the nucleation of voids. 
(a) 
	
Au/LSCF/YSZ 
	
(b) 
Au/YSZ 
Figure 6.13: An SEM image of a dewetted 180 nm thick Au patterned stripe on LSCF is shown in 
(a) and at higher resolution (inset). In (b) an SEM image of a 365 nm thick Au film deposited on 
a common YSZ substrate taken after annealing is shown. A 290 nm thick LSCF interlayer exists 
on the left hand side of the vertically dashed line but not on the right. Cross-sections taken on 
either side are shown inset. 
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6.9 Summary 
A consideration of the LSCF working electrode geometries required to obtain 
fundamental mechanistic information from EIS experiments was presented in this 
chapter. This included a consideration of the proper placement of electrodes and the 
effect of LSCF electrodes of reduced aspect ratio on the electrode potential. A half-
cell design expected to meet experimental requirements was presented. 
La0.6Sr0.4Co0,2Fe0.803.8 thin films between 125 and 470 nm thick were deposited on 
different single-crystal YSZ electrolyte substrates. The thin films were patterned 
using photolithography and both dry and wet-etched. Wet etching resulted in 
undercutting of the thin-film and rough edge profiles. Conversely, dry-etching 
resulted in side walls inclined at 75° to the substrate and was the chosen method to 
produce the geometrically well defined model cathode structures for electrochemical 
studies. A gold current collector geometry was fabricated using a photolithography 
lift-off technique in order to reduce the ohmic drop due to the cathode geometry, 
whilst controlling the LSCF exposed area and trpB. Gold current collectors were 
successfully deposited either centrally along each LSCF stripe or over the entire 
LSCF surface in order to produce structures that could be used to determine a 
correlation of performance with electrode geometry. The results of a short Au 
dewetting study suggests that an Au thickness of 365 nm is suitable for 
electrochemical measurements conducted below 600°C, where dewetting was 
observed for thinner Au films. 
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7.1 	Introduction 
The electric conductivity of the Au current collector and the LSCF thin film was 
measured and the results are discussed in this chapter. The electric conductivity of 
the Au thin film used for current collection was measured to determine the integrity 
of the Au current collector. In other words to ensure that it remains significantly 
conductive for the duration of the EIS experiment and that it is indeed significantly 
more conductive than the LSCF. This also provided another opportunity to confirm 
that dewetting of Au is sufficiently low and does not affect the electric conductivity. 
The electric conductivity of LSCF thin films subjected to a photolithography and 
etching process was compared with an unprocessed LSCF film deposited through a 
shadow mask of the same geometry. Photolithography and etching processes involve 
numerous process steps whereby the thin films are contacted by solvents and other 
organic materials. Prior to conducting mechanistic experiments it is important to 
ensure that the electric behaviour of LSCF is comparable to that already seen in the 
literature and remain unaffected by microfabrication processes. Such conductivities 
vary as a function of the deposition method and resulting microstructure. 
7.2 	Supplementary Experimental Details 
With reference to section 3.7 in Chapter 3, geometry-corrected four-point electric 
measurements were conducted on Au and LSCF films as described. Two LSCF 
films were deposited via PLD under identical conditions to yield 220 and 290 nm 
thick films on 21 mm2 x 0.5 mm thick single crystal YSZ substrates, as described in 
section 3.3. The LSCF film prepared by photolithography and dry-etching was 
deposited uniformly over the entire YSZ substrate and processed as described in 
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section 3.6 into a 1 cm x 1 cm geometry. The unprocessed LSCF film was deposited 
directly onto the YSZ substrate through a shadow mask of the same geometry. 
Neither film was annealed prior to testing. 
Approximately 365 nm thick Au was sputtered onto a 290 nm thick layer of LSCF, 
which was deposited under the same conditions as described above, covering the 
entire YSZ substrate. Contacts were placed approximately 3-4 mm in from each 
corner, away from any potential film damage due to handling using tweezers (see 
Figure 7.1). 
Figure 7.1: Au thin film deposited on LSCF on a single crystal YSZ 
substrate. Flattened Pt wires were attached to the Au film using Pt paste. 
In the case of LSCF films, measurements were taken upon cooling at 3°C/min. from 
approximately 610°C to room temperature. Au films were measured using a 
different temperature profile, over three 60 minute dwell periods at 500, 450 and 
350°C and then on cooling to room temperature. All heating and cooling rates were 
maintained at 3°C/min until approximately 220°C during cooling, where the rate 
could not be maintained. Both LSCF and Au films were measured in ambient air. 
7.3 	Results and Discussion 
7.3.1 Au Thin Film 
The Au thin film was deposited on a LSCF thin film to replicate the operating 
conditions and thus the dewetting conditions. As discussed in Chapter 4, the metallic 
film-substrate interface affects the thermal stability of the film. The conductivity of 
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the Au thin film as a function of time is shown in Figure 7.2, along with the 
measured temperature profile over two measurement cycles (both taken during 
cooling) to illustrate the stability of the conductivity over time at a series of EIS 
measurement temperatures. 
The electronic conductivity is approximately 30% less than that of the bulk 
(45.2x 106 Sm-1 at room temperature) but remains 3 x103 times higher than LSCF at 
500°C (see section 7.3.2). This is sufficiently large for the purpose of the reducing 
the ohmic drop along narrow LSCF stripes. 
5.0E+06    0 
0 100 200 300 400 500 6(X) 700 800 900 1000 1100 1200 1300 
Time [min] 
Figure 7.2: Au electric conductivity as a function of time with the corresponding 
temperature profile superimposed. Note: two measurement cycles taken in a 
continuous fashion are shown. 
The conductivity does not change significantly over each dwell period, but does 
slightly decrease as an equilibrium temperature is reached. 	However, the 
conductivity changes rapidly during each controlled temperature change. The 
temperature profile is based on the temperature of ambient air very close to the 
sample surface and not that of the YSZ substrate. The Au film is heated by both 
radiation and conduction of the underlying LSCF thin film and YSZ substrate and 
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therefore takes longer to equilibrate. The conductivity is slightly greater in the 
second measurement cycle due to the crystallisation of Au during the first anneal 
cycle. The relative stability in electric conductivity is reflected in post measurement 
investigation of the Au microstructure, as shown in Figure 7.3. Although grain 
growth has resulted, the film remains completely dense and polycrystalline, with no 
sign of rupture observed at the surface. The low quality SEM sputter coater used for 
deposition is therefore adequate. 
Figure 7.3: SEM image of Au grains after two temperature cycles up to a maximum 
temperature of 500°C. Note: as-deposited Au grains were less than 50 nm in diameter. 
7.3.2 LSCF Thin Film 
The electric conductivity in static air of an as-deposited La0.6Sr0.4Co0.2Fe0.803_6 film 
deposited through a 1 cm2 shadow mask was compared with LSCF patterned into the 
same 1 cm2 geometry using photolithography and dry-etching in geometry-corrected 
four-point Van der Pauw measurements. Neither film was heat treated prior to 
testing, but during the photolithography process substrates were placed onto a 
hotplate with a maximum temperature of 180°C for dehydration prior to the 
application of photoresist. A colour change (darkening) in the LSCF was always 
evident after dehydration, possibly related to an increase in the oxygen content [201]. 
This characteristic colour change was observed after the photolithography and 
etching process. However, electric measurements were initiated after equilibration at 
600°C and cooling to room temperature and the results are shown in Figure 7.4. The 
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maximum conductivity measured in two thermal cycles for each LSCF film is shown 
in Table 7.1 along with values of EA. 
The highest conductivity observed at 600°C is 5 times lower than previously reported 
for bulk LSCF of the same composition [144]. This is due to the columnar 
microstructure of LSCF deposited by PLD which inhibits in-plane conductivity. The 
maximum conductivity seen in this work is approximately 5700 Sm-1 at 611°C. In a 
similar manner, this falls short of the 47000 Sm4 obtained by Lai et al. [141] at 
600°C, who used `ultrathin' 54 nm thick sputtered La0.6Sr0.4C00.8Fe0.203-6 films 
grown on similar single crystal YSZ substrates. Again, this difference largely arises 
due to the microstructural differences mentioned above. However the EA of 0.15 eV 
determined by Lai et al. is in extremely good agreement with this work. 
T [°C] 
000 0 0 
00 N 
kr1 
‘,c) 
O 
	0 	 O N 
101  
104 
103 
102 
10' 
1 	1.5 	2 	2.5 	3 	3.5 
1000/T [KA] 
Figure 7.4: Electric conductivity of LSCF thin films 220 nm thick, deposited through a shadow mask 
and 290 rim thick, produced via photolithography and etching in (a, b) and (c, d) respectively during 
cooling at 3°C/min over two temperature cycles. Both films were deposited on single crystal YSZ 
substrates. Activation energies were calculated from the data obtained at 350°C and lower, where a 
better fit was obtained. Comparison to bulk LSCF [144], thin film LSCF [202] and 'ultra-thin' film 
LSCF [141] is also shown. 
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LSCF Geometry 
Cycle 1 Cycle 2 
a Pill EA [eV] Te. mp 1°C] 6 [Sm.11 EA [eV] 
Temp. 
[°C] 
Photolithography & 
Etching 4901 
0.18 ± 0.1 
meV 608 
4620 0.19 ± 0.1 meV 608 
Shadow Mask 5708 0.14 ± 0.2 meV 611 
5479 0.15 ± 0.2 meV 611 
Table 7.1: Maximum electric conductivity, a and activation energy, EA of LSCF prepared by 
photolithography and etching and deposition through a shadow mask. Values fora and EA were 
obtained over two temperature cycles. 
The LSCF thicknesses used for electric conductivity measurements in this thesis was 
similar to the nominal thickness used for patterned electrode studies (290 nm) in this 
thesis. It is likely that electric conductivity measurements in the case of sub 100 nm 
LSCF films (where the film is largely dense without columnar growth) will be closer 
to the results obtained by Lai et al. [141] but remains to be seen. 
The electric conductivity of LSCF thin films deposited by spray pyrolysis on 
sapphire substrates by Beckel et al. [202] is in good agreement with this work. The 
maximum measured conductivity value of 5700 Sm-1 is slightly greater than the 3200 
Sm-1 obtained by Beckel et al. [146] for films deposited by spray pyrolysis with 2% 
porosity and annealed at the same temperature. However the corresponding EA of 
0.14 eV in this study is nearly 3 times greater. In fact, the activation energies in this 
study correlate better with the sprayed films annealed at higher temperatures, with 
19% porosity in the study by Beckel et al. [146]. 
The conductivity and EA of the LSCF film deposited through the shadow mask were 
observed to be different from those of the lithographically processed film, mainly at 
temperatures below 400°C (Figure 7.4). The shadow mask processed LSCF films 
show no degradation on cycling whereas the lithographically processed films do. 
These differences may be related to an effect occurring during photolithography or 
the colour change observed in the material during this process. FIB-SIMS was 
performed on each measured LSCF thin film using identical conditions to produce 
positive mass spectra for comparison (see Figure 7.5). Although this does not 
provide qualitative compositional information, it does show there is very little 
relative difference between the films since the spectra are indistinguishable. Note: a 
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depth profiling method was not used so it is not known at what depth below the 
surface each mass spectrum represents. However, there is a large Sr and Sr0 count 
in the case of both samples, which may be indicative of degradation by Sr 
segregation. This is discussed in more detail in section 8.3.2.2 of Chapter 8. 
o - 
0 	20 	40 	60 	80 	100 	120 	140 	160 	180 	200 
Mass lamu] 
Figure 7.5: FIB-SIMS positive mass spectra for processed (via photolithography and etching) and 
unprocessed (deposited through a shadow mask) LSCF thin films after measurements were taken. 
Note: the spectra are indistinguishable from each other. Cobalt oxide is not observed due to the low 
compositional yield (20%). 
It is possible that photoresist that initially covered the entire film may have diffused 
into the film bulk, particularly between LSCF columns. This may have affected the 
in-plane conductivity, which was seen to progressively decrease between 
measurement cycles. This result suggests that the photolithography techniques used 
in this work accelerated the degradation of the conductivity of the LSCF. However, 
no evidence of remaining photoresist on the LSCF surface was observed, even in 
backscattered electron microscope images. It must be noted that photoresist is 
organic and therefore largely carbon-based, which is difficult to detect due to low 
ionisation of carbon. 
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An investigation of the LSCF microstructure (see Figure 7.6) after the experiments 
revealed that LSCF deposited through the shadow mask (unprocessed) shows an 
average grain size of —45 nm compared with —70 nm for the LSCF film patterned by 
photolithography and etching (determined by image analysis techniques). However, 
the unprocessed film shows elongated grains with a higher aspect ratio that tended to 
be arranged more orderly i.e. aligned mostly either orthogonal or parallel to each 
other. In addition, the grains are in closer contact compared to the processed LSCF. 
This small reduction in grain-to-grain contact area due to grain growth and grain 
orientational differences may result in the reduced lateral conductivity of LSCF 
ob served. 
(a) 	Photolithography & Etching 	(b) Shadow Masked Deposition 
Figure 7.6: high resolution SEM images of LSCF subjected to photolithography and etching (a) and 
deposited through a shadow mask without further processing (b) after electric measurements were 
conducted at elevated temperature. Note: the surface views in (a) and (b) show LSCF grains with 
`nano-grooves' or ridges, which is previously unseen in the literature to the best of the author's 
knowledge. 
7.4 Summary 
Au was sputtered on a LSCF film, deposited on single crystal YSZ to validate the use 
of Au for electric conduction in EIS tests via conductivity measurements. An Au 
conductivity of 16x 106 Sm-1 was measured at 500°C, more than three orders of 
magnitude larger than LSCF at the same temperature. The conductivity of Au is 
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slightly lower than expected due to a relatively low-vacuum sputtering technique, 
which is likely to have resulted in a large defect density, reducing the electric 
conductivity. However, the Au remained thermally stable with no significant 
variation in conductivity, which will not adversely affect EIS measurements. 
The electric conductivity of LSCF showed a maximum of 5700 Sm-1 at 600°C, 
considerably less than the bulk material. It was found that LSCF thin film structures 
processed via photoresists and etching exhibit degradation of electric conductivity 
upon thermal cycling, possibly due to carbon contamination. However, LSCF films 
deposited through shadow masks showed no similar degradation. The effect on the 
electrochemical performance of the LSCF is discussed in Chapter 8. 
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Electrochemical Performance of Patterned LSCF 
Thin Film Cathodes 
8.1 Introduction 
AC electrochemical impedance spectroscopy and steady-state voltammetry were 
employed to investigate the oxygen reduction reaction kinetics of 
photolithographically patterned, model thin film La0.6Sr0.4Coo.8Feo.203.5 cathodes 
described in Chapter 6. A brief outline to the experimental procedure is provided to 
compliment the details given in section 3.8. The remaining sections of the chapter 
include a presentation of the results from electrochemical measurements with an 
interpretation of the analysed data. 
Degradation in the performance of LSCF was observed over the experimental time 
period. The oxygen surface exchange reaction was identified as the rate limiting step 
to temperatures as low as 350°C. 
8.2 	Supplementary Experimental Details 
With reference to section 3.8, the patterned LSCF cathodes were electrochemically 
tested either in DC or AC mode. The cathode designs used in each experiment and 
the measurements performed are summarised in Table 8.1. 
The experimental set-up and contacting of each half-cell is shown in Figure 3.12 (a 
& b). Whilst (direct) current-potential measurements were conducted at 500°C, AC 
electrochemical impedance spectroscopy (EIS) measurements were conducted over 
the temperature range 350°C to 500°C and taken on cooling. However, one 
measurement was performed at 400°C during heating to 500°C and repeated upon 
Chapter 8 
cooling for comparison. The temperature profile of the measurement process applied 
for each sample is shown in Figure 8.1. 
Mode/ 
Experiment Sample 
LSCF Area-
A// surfaces 
(corrected) 
[cm2i  
LSCF /TpB 
(corrected) 
[micm2] 
 Bias [mV] 
AC 
Amplitude 
[mV] 
Atmosphere/ 
Flow 
[ml/min] 
Temperature 
r C] 
(DC) I-V 
characteristic 
Cathode 
1 0.158±0.003 0.303±0.02 
0- 
50 0  0 Air/50 500 
Cathode 
3 0.156±0.06 3.458±0.2 
0- 
500  0 Air/50 500 
AC EIS/ 
Atmospheric 
cycling 
Cathode 
2 0.146±0.010 0.842±0.04 0 10 
Air & 02/ 
50 & 33 350 - 500 
AC EIS/ 
Varied Au 
1TPB 11  
C ath
0
ode 
1 0.482±0.0003 0.064±0.003 0 10 02/33 350 - 500 
Cathode 0.481±0.0003 0.064±0.003 0 10 02/33 350 - 500 
AC EIS/ 
Varied LSCF 
area, 
constant tog 
Cathode 
4 0.267±0.01 1.051±0.05 0 10 02/33 350 - 500 
Cathode 
5 0.097±0.02 1.181±0.06 0 10 02/33 350 - 500 
Cathode 
6 0.038±0.006 1.777±0.09 0 10 02/33 350 - 500 
AC EIS/ Au 
capped 
LSCF 
(constant 
area & 'TPB, 
varied 
thickness) 
Cathode 
7 0.017±0.004 0.713±0.04 0 10 02/33 350 - 500 
Cathode 
8 0.002±0.01 0.648±0.03 0 10 02/33 350 - 500 
Cathode 
9 0.0008±0.01 0.700±0.04 0 10 02/33 350 - 500 
AC EIS 
(Biased) 
Cathode 
1 0.158±0.003 0.303±0.02 
0, 
700  30, 10 02/33 500 
AC EIS/ 
(No current 
collector) 
Cathode 
12 0.752±0.06 3.451±0.2 0 10 Air/50 350 - 500 
Table 8.1: Temperature (See Table 6.1 for the corresponding electrode details). *Electrode 
geometry determined after EIS measurements at elevated temperature via SEM image 
analysis techniques. 
Samples were placed in the same position in the furnace relative to the heating coils 
and the quartz gas flow tubes to replicate very similar heating and gas flow 
conditions. 
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Figure 8.1: General temperature profile for AC electrochemical impedance measurements. 
Data points along isotherms correspond to the start of a measurement sweep lasting 
approximately 40 minutes, after an initial 30 minutes allowing the temperature to stabilise. 
Half-cell samples were analysed using SEM and FIB sectioning (post 
electrochemical testing) to assess the integrity of the contacts and to investigate the 
LSCF/Au surface morphology, LSCF/Au interface and LSCF/YSZ interface. 
8.3 	Results and Discussion 
8.3.1 Voltage-Current Characteristic of Patterned LSCF with Constant 
Area, Varying Three-Phase Boundary Length 
Polarisation curves were measured on samples with constant area and varying 1TpB to 
assess whether or not the increased 1TpB affects the current flow in the electrode. In 
other words, although an objective of this work is to determine whether or not TPBs 
become increasingly active at lower temperatures, the role of the electrode geometry 
itself must be understood in order to separate any geometrical effects from the 
inherent material properties. 
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The voltage-current characteristic of the oxygen reduction reaction at the working 
electrode, determined in the steady-state is shown in Figure 8.2. In Figure 8.3, it can 
be seen that the alternating voltage perturbation of 10-30 mV used for AC 
measurements in this work lies within a linear regime (up to 50 mV for both 
electrodes) as required for AC EIS testing. This is in the low overpotential, AV 
(polarisation resistance) limit of the Butler-Volmer equation (Equation 8.1) (where i 
is the current density). The polarisation resistance determined from the gradient of 
the A V-i characteristic for cathode 1 at low overpotential (<50 mV) is 34 Qcm2 at 
500°C compared to 32 1 cm2 as determined from AC Impedance spectroscopy at the 
same temperature and in the same atmosphere (Figure 8.2, inset). 
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Figure 8.2: The LSCF working electrode overpotential as a function of the current 
density for two electrodes of similar area, differing in 1MB. The EIS electrode response 
of cathode 1 is shown inset for comparison. 
RT  AV 	i 
2F i 
Equation 8.1 
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Where R is the universal gas constant, T is absolute temperature, F is the Faraday 
constant and io is the exchange current density. The exchange current density is a 
fundamental parameter that expresses the rate of oxygen reduction in terms of a 
current. At the equilibrium potential, there is no net current flowing in the electrode, 
with equal forwards and backwards flow of electrons across the LSCF/YSZ 
interface. Equation 8.1 thus describes the AV-i characteristic for AV < 50 mV, which 
is linear as seen in Figure 8.3. A determination of the gradient of a linear fit applied 
to the curves in this region enables a determination of io. In the low overpotential 
limit, cathode 1 with smaller 1TPB shows a greater io of 0.955 ± 0.003 mAcm-2 
compared to 0.145 ± 0.003 mAcm-2 of cathode 3 at the same temperature. In 
addition to this, cathode 1 clearly shows smaller polarisation i.e. a smaller AV for a 
given i. 
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Figure 8.3: LSCF working electrode overpotential-current density characteristic, 
linearly fitted for V< 50 mV. 
At 500°C, LSCF is expected to be limited by the oxygen surface exchange reaction 
for the thickness used in this study. If this remains true then for a given LSCF area, 
one does not expect /TpB to affect the electrode polarisation. In fact, if oxygen 
reduction depends more on /TpB compared to the LSCF area, then one expects a 
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reduced polarisation resistance for a larger hpB. However, an increased polarisation 
resistance is seen for the cathode of greater lipB (cathode 3) and is likely due to the 
geometry. The LSCF stripes are 20 gm wide (cathode 3) compared to 330 pm 
(cathode 1), which for the same thickness results in a reduction of stripe cross-
sectional area of 16.5 times. Therefore, the potential drop is greater for cathode 3 
compared to cathode 1. However, it is outlined in Appendix (iv) that the 
effectiveness of the Au current collector could not be determined using the finite 
element model when such narrow LSCF stripes are used. The potential drop is 
essentially controlled by the conductance of Au, which decreases due to the 
reduction in cross-sectional area. Therefore, the increase in polarisation resistance is 
either due to the reduced cross-sectional area and/or the increased trpB (of over one 
order of magnitude) of cathode 3 and its corresponding Au current collector. 
Fleig et al. investigated the performance of dual chamber p.-SOFCs with particular 
attention to the potential distribution close to electrode/electrolyte interface [31]. It 
was shown that the resistance of the electrolyte does not increase linearly with the 
thickness if it is sandwiched between porous electrodes. The current in the 
electrolyte will become uniformly distributed across the electrolyte at a depth greater 
than the distance between the electrode particles. The 'particles' in the model are 
analogous to the dense patterned cathode stripes in this thesis. In the model if the 
electrodes are porous with particles a finite distance apart, they are said to be 
inhomogeneously active so that ions flow to/from active sites. This can result in 
current constriction in the electrolyte. By modelling the electrode/electrolyte 
interface as electrode particles sitting on the electrolyte in this way and taking 
consideration of the reaction kinetics and conduction mechanism of the electrode 
material, Fleig et al. calculated equipotential lines which illustrated two cases; 
current is constricted: (I) close to the interface between the electrode particles and the 
electrolyte or (II) close to the TPBs, at the edges of the electrode particles, depicted 
as 'rings' in Figure 8.4. 
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electrode particles 
Figure 8.4: The two cases for current constriction (discussed in 
the text) (a) close to the electrode/electrolyte interfaces (I) and (b) 
close to the TPBs (II) illustrated by equipotential lines. Figure 
reproduced from [31 j. 
The result of this experiment suggests that the greater the LSCF /TPB and number of 
LSCF stripes, the greater the effect of current constriction at TPBs and/or the 
LSCF/YSZ interface, even if the entire LSCF surface area is active towards oxygen 
reduction. Therefore, it was decided not to investigate the oxygen reduction reaction 
of MIEC LSCF using AC EIS, by varying hpB to avoid the effects of current 
constriction. 
In Figure 8.2 it can be seen that at lower polarisation (approximately less than 0.2 V) 
the current is enhanced for the pattern with smaller hpB (cathode 1). However, above 
this voltage the current appears enhanced for the pattern with greater hpB (cathode 
3). A consideration of the AV-i behaviour at higher overpotential can be made by 
plotting the overpotential against in of the current density as shown in Figure 8.5. 
Such 'Tafel' plots in general display a linear relationship for higher values of 
overpotential. The related Tafel equation is therefore a Butler-Volmer-like equation 
in the limit of high overpotential (Equation 8.2). 
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AV= Aln 
 
Equation 8.2 
   
Where the constant A is given by: 
A = RT  
2a F Equation 8.3 
and the constant a is the charge transfer coefficient, which is defined as the fraction 
of the applied electrical energy used in changing the rate at which an electrochemical 
reaction proceeds and lies in the range 0 < a < 1 [5]. 
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Figure 8.5: Tafel plot of two patterned Lao 6Sro 4C00 2Feo 803 cathodes indicating the 
intersection of the AV=0 axis by the equation of best-fit line in each case, where i0=i. 
Figure 8.5 shows that above 0.2 V the behaviour of the two cathodes is very similar. 
In fact, the charge transfer coefficients only differ in the third decimal point. The 
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constant A is higher for a slower electrochemical reaction. The low value of a (--
0.1) for both cathodes is indicative of a slow reaction rate. However, it is the value 
of io that largely affects the activation overpotential (losses), which must be as large 
as possible in order to minimise the activation overpotential. 
In a similar way, both cathodes show similar values of io, which differ by only 1.2 
times in contrast to io at low AV, which differed by 6.5 times. This indicates that the 
geometrical effect of the patterned LSCF cathodes on the reaction kinetics is less at 
values of AV greater than 0.2 V. It is important to note that the Tafel equation only 
holds true for i > io in the high potential region and is usually indicative of charge-
transfer limitations. However, the electrodes can in fact be limited by steps that do 
not themselves involve charge-transfer [203]. 
8.3.2 AC Electrochemical Impedance Measurements 
As discussed in section 3.8.2 in Chapter 3, equivalent circuit representations 
consisting of capacitors, resistors and other elements are often used to interpret 
impedance data. 
Based on the available EIS data in the literature for similar systems consisting of 
LSCF on single crystal YSZ at least two impedance arcs are expected to occur at 
high frequency (HF), corresponding to the YSZ impedance, and at low frequency 
(LF), corresponding to the impedance of the LSCF cathode. This is also predicted by 
considering the increased relaxation time of cathode processes compared to those 
occurring in the electrolyte as a result of the difference in capacitances, as 
generalised in Table 3.2. Depending on the quality of the LSCF film and LSCF/YSZ 
interface, the cathode geometry and the nature of oxygen reduction reaction 
mechanism, additional cathode responses may also exist at medium frequencies. For 
example it is not unreasonable to expect an interfacial resistance contribution due to 
the LSCF/YSZ interface, which in fact was observed. The aim of the EIS 
measurements was to identify the rate limiting step(s) in the electrochemical process 
of oxygen reduction at LSCF cathodes below 500°C, using patterned LSCF thin 
films. However, it could not be easily predicted how the cathode contributions 
would be manifested in the impedance spectra i.e. the difficulty in resolving each 
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contribution, but the general equivalent circuit shown in Figure 8.6 was adopted in 
order to best fit impedance spectra in this work. General constant phase elements 
(CPE), Q with impedance ZQ [65] were used rather than capacitors to account for the 
depression of semi-circular impedance arcs that was evident. The impedance is 
given by: 
1 ZQ = 	 
Q(j(0)" 
Equation 8.4 
where w is the angular frequency, n is a fitting constant between 0 and 1 related to 
the depression of the impedance arc (a value of 1 corresponds to an ideal semi-circle) 
and j = 	. A capacitance C can be calculated from [106, 204]: 
	
C =  Q 
	
Equation 8.5 
The assignment of each impedance arc to a physical phenomenon, characterised by 
the equivalent circuit element is discussed in 8.3.2.3. 
MF 	LF 	ULF  	> < 	> < 	> < 
Figure 8.6: Equivalent circuit adopted for the LSCF electrode on single crystal YSZ 
electrolyte (02/electrode/YSZ). Rm represents the finite YSZ electrolyte resistance 
with capacitance CH, Rivx, RLF and Ruix represent resistances due to LSCF 
electrode processes at medium frequency, low frequency and ultra low frequency, 
respectively, with corresponding constant phase elements QmF, QLF and QULF. 
8.3.2.1 Effect of the Au Current Collector 
As previously mentioned, Au was selected as a current collector material because it 
is widely regarded as being inactive towards oxygen reduction and offers little bulk 
transport of oxygen [205]. However, the aim of this work is to investigate the 
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oxygen reduction mechanism of LSCF so it is therefore necessary to experimentally 
determine whether or not Au affects this in any way for this system. If catalytic 
activity of the Au current collector pertains it is most likely to occur at TPB sites. In 
analogy to the system devised to investigate LSCF, a series of patterned Au films 
were adopted for investigation of the electrochemical activity of Au at TPBs (where 
Au, LSCF and 02 meet). Unpatterned LSCF films of constant area (1 cm x 1 cm, 
excluding contact pads) were fabricated on the single crystal YSZ substrates with Au 
current collectors of constant area (0.52 cm2, excluding contact pads) but varied /fps 
(0.268 to 3.26 m/cm2) i.e. cathodes 10 and 11. 
The Nyquist plot shown in Figure 8.7 shows the impedance response of cathodes 10 
and 11 taken at approximately 550°C. The HF semicircles (the negative offset is 
discussed in Appendix (v)) are attributed to the YSZ single crystal due to capacitance 
values of order 10-9 F. Further discussion of the HF response is provided in 8.3.2.3. 
The YSZ resistance, RHF is clearly similar for both samples. However, there is a 
large difference between impedance responses at LF. For the same LSCF area and 
/TpB, there is a difference in the LSCF electrode response arising only due to the 
Figure 8.7: Nyquist plot showing the impedance of cathodes 10 and 11 which differ 
only in Au [rm. The peak frequencies of the dominant electrode response are 
shown. The solid lines are the result of equivalent circuit fitting. 
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This result suggests that the additional Au 'TPB  impedes the performance of the LSCF 
cathode. Ionic current constriction in the LSCF, close to the Au TPB is a possible 
explanation for this behaviour and therefore most current has to squeeze through a 
highly limited TPB width rather than across the larger LSCF/Au contact area. The 
larger the 'TPB, the greater the effect, especially since the Au stripe widths are 10 
(cathode 11) compared to 165 tirn (cathode 10). A similar effect was discussed in 
section 8.3.1 with regards to an increasing gas/LSCF/YSZ /TpB. However, since the 
Au was structured centrally along each LSCF structured stripe, the Au 'TPB also 
increased with the LSCF 'TPB and consequently one cannot directly conclude that 
current constriction occurs close to LSCF TPBs. The electrode response is due to the 
LSCF and not Au since further experiments involving fixed Au and LSCF 'TPB 
showed an ASR dependence on LSCF area (see 8.3.2.3). 
The Arrhenius plot in Figure 8.8 shows the temperature dependence of the LSCF 
ASR. It can be seen that there is a reduction in ASR below 500°C for cathode 10, 
where the sample was subjected to a AV-I sweep and EIS continued. This 
phenomenon is discussed in 8.3.2.5 but the key point is that even prior to the 
application of high potential the ASR was already significantly lower. 
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Figure 8.8: The ASR of the total electrode response (RT ) as a function of reciprocal 
temperature for cathodes 10 and 11. Linear fitting for the determination of 
activation energy EA was applied to data points where AV-I measurements were 
taken. 
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The activation energy, EA is similar for each cathode, within 0.1 eV, which indicates 
no significant difference in the electrode process itself but the reduced peak 
frequency of the electrode response of cathode 11 (with greater Au IrPB) shown in 
Figure 8.7 translates to an increase in the characteristic relaxation time for the 
electrode process. 
It is worth noting that since Au was structured on an unpatterned square, the coarse 
current collector design with larger Au stripe separation (cathode 10) manifests a 
larger electronic current path i.e. potential drop in the LSCF until it reaches the 
current collector (Figure 8.9). Even so, the ASR is still lower for this cathode. 
Cathode 11 
10µm 	30µm 
-4114' 	—>1 
Cathode 10 
165 am 495 gm 
FC 	>I< 
      
      
 
J YSZ 
 
LSCF Au 
Figure 8.9: Schematic diagram of the cross-section of cathodes 10 and 11 
illustrating the difference in Au-to-Au separation, resulting in an increased LSCF 
electrical conduction path, represented by arrows. 
The effect of not applying Au current collection was investigated by comparing the 
ASR of identically patterned LSCF with and without Au current collection (cathode 
3 and 12, respectively). A Nyquist plot comparing the impedance spectra for each 
sample at 500°C is shown in Figure 8.10. 
Cathode 12, without current collection has an increased LSCF 'active' area (defined 
as the LSCF/gas interface) compared to cathode 3, where half of each stripe and the 
electrode outer-frame is covered by Au. Therefore one may expect a difference in 
the measured electrode resistance at this temperature due to the difference in LSCF 
area. The cathode exhibiting greater active LSCF area results in a smaller ASR and 
less 'ideal' impedance arc. As a result, the effects of sheet resistance in the LSCF on 
the electrochemical reactions when Au current collection is not applied is not clear, 
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but two electrode arcs are visible at MF (163.2 Hz) and LF (0.22 Hz) whereas the 
electrode response is shifted to lower frequencies when current collection is applied. 
It is important to realise that this is an isolated result not observed for other cathodes 
with current collection applied and with larger stripe widths. Full impedance arcs 
were generally observed between 0.01 Hz and 1 MHz. 
-10 50 110 170 230 290 350 410 470 530 590 
Z' [S/I 
Figure 8.10: Nyquist plot comparing impedance spectra of nominally identical 
patterned LSCF cathodes with and without Au current collecting stripes patterned 
centrally along LSCF stripes. Fitting of data points at ultra low frequencies, ULF 
(i.e. with peak frequency < 0.01 Hz) was not possible due to the minimum frequency 
of 0.01 Hz produced by the FRA. The cathode area and iTpg relate to that of the 
LSCF when Au current collection is and is not applied. 
However, there is a clear difference between HF YSZ responses, nearly one order of 
magnitude in ASR. This is particularly significant since this is the largest variation 
in ASR observed between any samples measured at the same temperature. It has 
been suggested by Baumann et al. [65] that when using EIS with a similar 
LSCF/YSZ system, the HF response was assigned to the YSZ electrolyte with two 
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other possible contributions: (i) electrical contact resistance between the current-
collecting probe needle used in the experiment and the LSCF film and (ii) electrical 
sheet resistance due to lateral electron transport in the LSCF film i.e. a sheet 
resistance. In this study Pt wires were fixed to specifically designed electrical 
contact pads on the electrode using Pt paste, therefore an electrical contact resistance 
can be neglected. In the study performed by Baumann et al. the LSCF cathodes were 
60 gm in diameter compared to the minimum LSCF stripe width of 20 gm and stripe 
length of 0.8 cm used in this study. The ohmic drop in this study is therefore 
considerably larger due to the electrode geometry and a measureable effect on the HF 
response has been shown. Perhaps future work might entail reproducing the 
patterned LSCF cathode in this experiment without Au current collection but with 
thicker LSCF to increase the cross-sectional area. One would expect to see a 
reduction in the resistance of the HF response, due to a reduced sheet resistance. 
Finally, the Au current collector was characterised by SEM, FIB-sectioning/imaging 
and energy dispersive x-ray spectroscopy (EDX) after electrochemical testing at the 
maximum temperature of 500°C. Figure 8.11 (a) shows a SEM micrograph of a 
typical Au stripe in the vicinity of its edge. It is clear that the edge has become 
considerably frayed, possibly due to dewetting but the stripe body remains intact and 
shows no sign of void formation on the surface. Figure 8.11 (b) shows an Au map 
obtained using EDX and confirms that the Au is confined to the current collector and 
has not diffused over the LSCF surface. This is of concern since the sum of the self-
diffusion length, LA„ = 2(Dt)1I2 of Au (where D is the diffusivity of Au from [206] 
and t is the time) for each 40 minute measurement at temperature decreasing from 
500°C is approximately 1 gm. FIB-SIMS could not be employed due to the low 
ionisation and fast sputter rate of Au (beam damage is shown in Figure 8.12). Au is 
not expected (nor observed) to have diffused further than 1 gm from its stripe edge, 
however it is unclear whether or not Au diffused into the LSCF bulk since the 
minimum resolution of the EDX technique used is approximately 1 pm, which is 
greater than the combined LSCF and Au thickness. 
The FIB-produced LSCF cross-section shown in Figure 8.12 shows void formation at 
the LSCF/Au interface, however the Au remains largely dense and continuous. The 
Au surface is non-uniform due to the low vacuum SEM sputter coater used. 
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(a) 
	 (b) 
Figure 8.11: Top-view SEM micrograph of a typical Au stripe edge on LSCF after EIS testing 
(a). The red box corresponds to the region of the sample where EDX mapping was performed, 
with the corresponding Au map shown in (b) with white pixels corresponding to an Au signal. 
FIB damage . 
Protective 
Pt layer Voids at 
Au Current......, 	 . Au/LSCF 
Collector 	 interface 
— LSCF 
YSZ 
Figure 8.12: Tilted cross-sectional SEM micrograph of a typical Au stripe on LSCF after EIS 
testing. FIB damage due to over sputtering of the Au layer occurred during data acquisition. 
A Pt protective layer was applied in-situ to protect the Au during the sectioning. 
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8.3.2.2 Degradation in LSCF Performance During Atmospheric 
Cycling 
Electrochemical impedance spectroscopy experiments were generally performed in 
an 02 flow in an unsealed furnace. However, the majority of published work on 
LSCF thin film cathodes utilised air, rather than 02. This is possibly due to the belief 
that the LSCF cathodes are slightly more activated in air and Benson [207] reported 
that CO2 was found to exchange slightly faster in isotope exchange experiments on 
La0.6Sr0.4Coa2Fe0.803_3 compared to 02. However, it is also reported that (bulk) 
LSCF exposed to atmospheres of CO2/02/H20 and then annealed in 1802  showed a 
reduction in k of over an order of magnitude [207]. Benson suggests that the 
formation of stable carbonate species (C032") on the surface blocks the active sites in 
the exchange process. Given the reduction in electrical conductivity of LSCF 
observed in Chapter 7 that was attributed to remaining carbon content from the 
fabrication process, 02 was the chosen atmosphere for EIS testing to reduce the 
possibility of carbonate formation. This section discusses the effect on the ASR in 
cycling the atmosphere between 02 and air at each working and counter electrode. A 
steady increase in the electrode ASR was observed, regardless of the atmosphere. 
This may have implications on the long-term use of LSCF cathodes for p.-SOFCs. 
A flow of 02 or compressed air was supplied separately to the WE (cathode 2) and 
CE on opposite sides of the cell and cycled in the following manner at 550°C: (1) air 
(WE) - air (CE), (2) air (WE) - 02 (CE), (3) 02 (WE) - air (CE), (4) air (WE) - 02 
(CE), (5) air (WE) — air (CE). Note, the RE and WE were always subjected to the 
same atmosphere at any one time. Upon switching atmospheres a relaxation time of 
25 minutes was employed to allow adequate time for the diffusion of oxygen through 
the material. An oxygen diffusion length of 0.9 um (which is 3 times the film 
thickness) at 500°C in La0.6Sr0.4C00.2Fe0.803_6 is calculated using diffusivity data of 
LSCF [68] and a diffusion time of 20 minutes. As seen in Figure 8.13, the 
performance of the patterned LSCF WE progressively worsens with each change in 
atmosphere and no recovery is observed. This is consistent with the reduction in 
electrical conductivity measured in the case of processed LSCF films (refer back to 
section 7.3.2). 
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Figure 8.13: Series of electrode impedance arcs measured after changing the atmosphere as 
indicated (between 1 and 5). Peak frequencies of impedance arcs are tabulated. The 
difference in time between the first (1) and last (5) impedance arcs measured was 
approximately 5.8 hours. 
However, there are cases reported in the literature that Sr segregation to the surface 
[208, 209] and also to the LSCF/electrolyte interface (although porous LSCF was 
considered in this case) [210] is responsible for the degradation of LSCF and LSC 
[211], characterised by an increase in electrode polarisation resistance. Ten Elshof et 
al. [208] observed Sr segregation at both the high and low P0, sides of 
Lao6Sr0.4Co0.8Fe0.203_6 when it was investigated as an oxygen separation membrane 
at 880°C. Kinetic demixing [212] (where an originally chemically homogeneous 
material becomes chemically inhomogeneous) was suggested as a possible 
mechanism, induced by the P0,  gradient. The difference in P0, between the WE 
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and CE may have induced a similar effect in this work. However, Van der Heide 
[209] also used x-ray photoelectron spectroscopy (XPS) at temperatures up to 800°C 
with La0.4Sr0.6C00.2Fe0.803_3 and other Lai-„Srx-based perovskite-type oxides, where 
the enrichment of Sr at the surface of the bulk sample (1.2 — 2 times the 
stoichiometric values) was observed and was likely in the form of SrO and SrCO3. 
The degradation in performance observed in this work is consistent with the 
literature but 200 - 250°C lower in temperature. 
The MF and LF arcs in Figure 8.13 become more and more convoluted until 
eventually only a single arc can be fitted, mostly due to the LF arc, which appears to 
increase in magnitude significantly more between each measurement. It will be 
shown in section 8.3.2.3 that the MF and LF impedance arcs are likely due to the 
LSCF/YSZ interfacial resistance and oxygen surface exchange reaction resistance, 
respectively. Therefore, the degradation in performance is largely related to a 
reduced oxygen surface exchange rate i.e. kinetically limited. However, the 
capacitance associated with the LF arc steadily decreases with time. The large 
values are consistent with a chemical capacitance which is indicative of the activity 
of the electrode bulk (see 8.3.2.3). Therefore this suggests that bulk ionic conduction 
also becomes slightly inhibited over time, where it is likely a change in oxygen non-
stoichiometry occurs, which depends on the composition of the material. 
Figure 8.14 compares the surface morphology after EIS testing with a typical as-
deposited film produced using identical deposition conditions. After EIS testing in 
cycled atmospheres, the LSCF has taken on a rather smooth/glossy appearance where 
grains appear 'rounded' and conjoined. A slight difference in contrast at grain 
boundaries also suggests evidence of increased nano-porosity. In addition to this, 
fine nanometre-sized particles are observed on the LSCF surface, the origin of which 
remains an open question. EDX revealed no abnormalities, including the presence of 
carbon, C which is ubiquitous in the environment and therefore indistinguishable 
from C impurities due to remaining photoresist. It must be noted that the post-EIS 
microstructure observed in this case is not typical of most samples that were tested in 
a single 02 atmosphere. 
The integrity of the LSCF and Au pattern structures remains after EIS, with no 
significant changes in the Au microstructure observed with minimal void formation 
on the surface (Figure 8.15 (a & b)). However, remaining baked photoresist/re- 
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deposited LSCF 'crust' is visible at the LSCF stripe edge, extending up to 
approximately 1 [tm in width (Figure 8.15 (c)). 
(a) 
	
(b) 
Figure 8.14: Top-view SEM image of the LSCF surface after EIS atmospheric cycling (a) and as-
deposited in (h). 
(a) 
	
(b) 
Figure 8.15: Top-view SEM image of a single LSCF/Au stripe after EIS atmospheric cycling (a) 
with Au and LSCF stripe edges shown in (b) and (c) (tilted), respectively. Baked photoresist/re-
deposited LSCF 'crust' extends —1 pm from the LSCF stripe edge. 
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Since no recovery in performance was seen upon atmospheric cycling, the 
degradation in performance is also likely to occur in a single gas atmosphere. As a 
result, impedance measurements were taken twice at the same temperature at 
different times of the thermal cycle; at —400°C during heating to the maximum 
temperature and repeated at —400°C during cooling, approximately 4 hours later (as 
shown in Figure 8.1). An increase in the electrode ASR, particularly the LF arc was 
observed for all cathodes, as shown in the case of cathode 4 in Figure 8.16. This is 
consistent with the findings of Baumann et al. [65], who report an increase in 
resistance in the LF arc with time at 750°C. Baumann et al. [65] assign the LF arc to 
the oxygen surface exchange reaction, a discussion of which is presented in section 
8.3.2.3. Therefore the increased resistance is indicative of a change in the surface 
reaction, possibly related to the physical morphological change observed and 
blocking/contamination of active sites. 
Ann 
ci 
-200 	0 
	
200 	400 	600 	800 	1000 	1200 
	
1400 
Z' [ILI 
Figure 8.16: Comparison of complete impedance spectra taken at —400°C during heating to 500°C 
and at —400°C during cooling, approximately 4 hours later. Peak frequencies are shown for each 
impedance arc with solid lines representing results of equivalent circuit fitting to the electrode 
response. 
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Note that in Figure 8.16 3 arcs were fitted to the electrode response. In general a 
description of 2 arcs is understood for oxygen reduction in LSCF in similar systems, 
however the quality of fitting was often improved (a reduction in the sum of squares 
by 10%) by allowing for a third electrode response. However, a physical 
interpretation was not possible. This is discussed in more detail in 8.3.2.3. A 
summary of the values from the fitting elements is shown in Table 8.2. 
By comparing ASR values measured at 400°C during heating and cooling, the 
smallest difference is observed for the MF response. In the study of Baumann et al. 
[65] this response is attributed due to the LSCF/YSZ interface, i.e. interfacial 
resistance RMF. Extrapolated RMF values correspond well to those obtained in this 
study and are discussed further in 8.3.2.3. One expects little change in RMF as a 
function of oxygen partial pressure since it is related to the resistive process of 
transferring oxygen ions (02.) across the LSCF/YSZ interface. However the small 
increase in ASR maybe indicative of the onset of an insulating La2Zr207 or SrZrO3  
layer produced by reaction of LSCF and YSZ. However, as discussed in 5.2.2, no 
change in the LSCF XRD pattern is observed after annealing LSCF at 600°C for 4 
hours. 
The results of this experiment indicates that all samples must be subjected to exactly 
the same measurement conditions to assume the same level of degradation in 
performance, in order to identify differences in electrode performance between 
electrodes of different geometries. 
Quantity Medium Freq. Arc Heating/Cooling 
Low Freq. Arc 
Heating/Cooling 
Ultra Low Freq. Arc 
Heating/Cooling 
ASR [s2 cm2] 64.5 / 72.7 126.7 / 185.7 479.1 / 594.6 
Capacitance 
[F/cm] 2.5x104 / 1.4x104  4.0x10-3 / 7.9x10"3  4.1x10-2 / 9.0x10-3  
Peak Freq. [Hz] 9.9 / 15.2 0.31 / 0.11 0.008 / 0.03 
Table 8.2: Summary of ASR, capacitance and peak frequency values for electrode 
impedance arcs measured at 400°C during heating and during cooling. The least change in 
ASR occurs for the MF response. 
- 168 - 
Electrochemical Performance of Patterned LSCF Thin Film Cathodes 
8.3.2.3 Patterned LSCF with Constant Three-Phase Boundary Length 
and Variable Active Area 
In order to deduce the oxygen reduction reaction (ORR) mechanism of 
Laa6Sr0.4Co0.2Fe0.803-8 between 350°C and 500°C, cathode designs of nominally 
equal irpB and exposed/active areas between 0.038 and 0.267 cm2 (cathodes 4 — 6) 
were designed and fabricated (as presented in Chapter 6) for electrochemical 
evaluation by AC impedance spectroscopy. Since the oxygen surface exchange 
reaction is already known to be rate limiting at approximately 500°C and above for 
similar cathodes in this thickness range, the aim is to determine whether or not the 
same is true as the temperature is reduced. To reiterate, if [rpg becomes significant in 
the ORR process, then a similar performance can be expected between all cathodes at 
lower temperatures i.e. less dependence of the measured ASR on the cathode area. 
Although the exposed LSCF area (i.e. LSCF/gas interfacial area) varied between 
cathodes, the same is true of the LSCF/YSZ interfacial contact area. The resistances 
shown are normalised by the LSCF/YSZ interfacial contact area (unless stated 
otherwise) to give the so called area specific resistance (Qcm2) for comparison with 
the literature. 
The LSCF microstructure was investigated after electrochemical testing and the 
associated SEM images are shown in Figure 8.17. All cathodes were subjected to the 
same processing and experimental conditions, however the microstructure of the 
cathode with least exposed LSCF area (cathode 6) shows grains with a slight increase 
in aspect ratio and less contrast between grains (i.e. grains of similar crystallographic 
orientation). This may be indicative of a textural difference, however confirming 
this via XRD was not feasible due to the Pt paste, Pt wires, Au meshing and 
sputtered Au current collectors that were applied. However, there are no major 
differences in the microstructure or surface morphology. 
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Figure 8.17: SEM micrographs taken at 100,000 times magnification of the LSCF surface 
microstructure for cathodes 4 (a), 5 (b) and 6 (c) after comparative EIS testing. 
The Nyquist plot shown in Figure 8.18 compares the impedance spectra for the 
cathodes of different LSCF area measured at approximately 500°C. The 11F arc for 
each cathode (approximately 105 to 106 Hz) is clearly very similar, terminating at 25 
to 45 S2. The temperature dependence of the HF response i.e. the resistance to bulk 
ionic transport, RHF of 02- through single crystal YSZ, shows Arrhenius-type 
behaviour and is shown in Figure 8.19. The average activation energy of 0.96 ± 0.08 
eV is in close agreement with the value of 0.94 ± 0.03 eV determined by Baumann et 
al. [65] and 1.1 eV determined in references [213, 214]. The capacitance of order 10-
8 — 0-9 F is also at least 5 orders of magnitude smaller than any other impedance arc 
measured and therefore it is reasonable to assign the HF response to the bulk 
resistance of YSZ. Although this capacitance is slightly large and usually attributed 
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to grain boundaries, it must be due to the bulk since single crystal YSZ was used but 
stray capacitances from the leads connected to the electronics may also increase the 
capacitance. RHF is larger for cathodes with larger LSCF stripe width. The slight 
difference in RHF for each sample may be a combination of slightly different 
equilibrium temperatures (± 2°C) and slightly different LSCF current paths to the Au 
current collector arising from wider stripe widths, thereby increasing the sheet 
resistance (shown schematically in Figure 8.9). 
Figure 8.18: Nyquist plot of samples with different LSCF patterned areas measured at 500°C. 
Fitting for the electrode response is represented by solid lines. LF and ULF peak frequencies are 
shown in the main plot. A low impedance MF electrode response is shown inset with the associated 
peak frequencies. Note: depressed MF arcs were fitted with n values — 0.6 - 0.7. 
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Figure 8.19: Arrhenius plot of RHF for half cells with working electrodes/cathodes 4, 5 and 6 and 
associated activation energies, EA. 
The uncertainty in each value of EA was determined from the error in the gradient of 
the linear fit applied. The uncertainty of the average EA is therefore calculated from 
the square-root of the sum of the squares of each uncertainty. Therefore a larger 
uncertainty is obtained when the data is more scattered. The uncertainty in each 
equivalent circuit fitted quantity e.g. RHF is represented by vertical error bars and is 
generally less than 10%. However, error bars in Figure 8.19 are less than the size of 
the data symbol. 
There is a clear dependence of the total electrode response on the LSCF area in 
Figure 8.18. The total electrode resistance decreases as the patterned LSCF area 
increases. As indicated by the peak frequencies, there are 3 electrode impedance arcs 
fitted at this temperature. Those at LF (approximately 10-2-100 Hz) and ULF 
(approximately <0.01 Hz) are shown in the main figure and those at MF (101-102 Hz) 
are shown inset. The MF response is very small and more depressed compared to the 
LF and ULF semicircles (which have 7/ values > 0.9). 
The total LSCF resistance, RT is plotted as a function of inverse temperature in 
Figure 8.20. The patterned cathode with smallest LSCF area shows the largest ASR 
(on the basis of electrode contact area) with values in a similar range to extrapolated 
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values from LSCF thin films of the same composition deposited via PLD by Beckel 
[80] but larger than equivalent films deposited by spray pyrolysis [80]. In addition to 
this, calculated EA values in this study are considerably less than those obtained by 
Beckel. 
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Figure 8.20: Arrhenius plot of the total ASR, RT for patterned LSCF with working 
electrodes/cathodes 4, 5 and 6 and associated activation energy, EA. ASR values obtained by 
Beckel [80] on Lao 6Sro4Coo2Feo 803_6 thin films deposited by PLD and spray pyrolysis (SP) are 
shown for comparison. 
There appears to be little difference between the ASR measurements of the cathodes 
with largest area (cathodes 4 and 5). However, by taking into consideration the 
LSCF/gas interfacial area (the exposed area of LSCF, not covered by Au); which 
differs from the LSCF/YSZ interfacial area used to normalise to ASR, one may plot 
the ASR as a fraction of the total LSCF/gas exposed area (e.g. 0.267, 0.097 and 
0.038 cm2 for cathodes 4, 5 and 6; respectively). In this case, the electrode resistance 
is clearly shown to decrease with increasing LSCF exposed area (Figure 8.21), 
suggesting the oxygen reduction reaction is limited by the available surface area of 
LSCF, rather than /TPB. 
- 173 - 
Chapter 8 
500 
A 
1.3 
550 
1 07 	 
E - lei  U
;  
c4E-0,  5, 
104 1  
C4 1031 
N 
4a. 1021  
• 101 1  
a
(1) -a 100 
1 2 
-tC 
T [°C] 
450 
	
400 350 
EA =1'36 eV+ 0.5 eV 	 z 
EA  =0 67 ± 0.05 eV 
E =0 71+0 05 eV 
• Cathode 4: 0.267 crn2 
• Cathode 5: 0.097 cm2 
• Cathode 6: 0.038 cm' 
1.4 	1.5 
	
1.6 
1000/T [1(-1] 
Figure 8.21: Arrhenius plot of RT as a fraction of the LSCF/02 interfacial area for half cells 
with working electrodes/cathodes 4, 5 and 6. Impedance data at lower temperatures 
becomes increasingly scattered as conductivity decreases and results in larger fitting errors. 
As briefly mentioned in section 8.3.2.2, the MF feature is associated with an 
interfacial resistance i.e. a charge double-layer effect, RAIF  relating to the ionic 
transfer resistance at the electrode/electrolyte interface. A similar feature was 
observed at MF by Baumann et al. [65] and Xiong et al. [215] who used LSCF 
electrodes with a composition rich in Co i.e. 0.8:0.2 (Co:Fe) on YSZ. Extrapolated 
values of RMF determined by Baumann et al. [65] correspond with values of RMF-
determined in this work as shown in Figure 8.22. However the calculated EA is 
smaller in comparison at 1.11 ± 0.06 eV, in closer agreement with the sputtered films 
of Xiong et al. [215] with EA = 1.34 eV. 
The values of RMF for cathodes 4-6 are separated by a maximum of half an order of 
magnitude, with no significant correlation in ASR with the cathode area. This 
strengthens the case made for such ionic transfer resistance since after normalising to 
the interfacial area, the LSCF/YSZ interfaces are nominally equal. Therefore, one 
expects no ASR correlation with area and similar absolute RMF values. 
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The absolute values of RMF are all < 10 Qcm2 at 500°C and contribute very little to 
RT. In fact, at 500°C, RMF contributes < 4% of RT in the case of cathode 4, which 
only increases to approximately 7.5% at 350°C. Therefore the LSCF/YSZ interfacial 
resistance is not a significant polarisation step in the oxygen reduction reaction. 
Similarly, Prestat et al. [68] determined charge transfer at the LSCF/CGO interface 
not to be rate-determining. 
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Figure 8.22: Arrhenius plot of RMF for half cells with working electrodes/cathodes 4, 5 
and 6 with the corresponding EA values shown. Data from Baumann et al. [65], 
utilising 100 nm thick electrodes produced by PLD and Xiong et al. [215], utilising 50 
nm thick electrodes produced by sputtering (SPT) is shown for comparison. 
In addition to this, the associated capacitance at MF is almost temperature 
independent for all cathodes and provides a good indication that little change 
(degradation) occurred at the LSCF/YSZ interface; particularly with regards to the 
formation of insulating La2Zr2O7 or SrZrO3 layers. The absolute value of 
capacitance at 500°C for cathode 4 of 4.3 ± 0.3x10-5 Fcm-2 is at the upper end of 
typical capacitances arising due to the electrode/electrolyte interface [167]. 
However, this is reasonable if stoichiometric changes also occur at the interface. 
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The equivalent circuit model shown in Figure 8.6 is for the general case where the 
impedance spectra consists of a HF response due to the electrolyte, a MF feature due 
to the electrode and a second dominant electrode feature at LF. These features are 
typical of the impedance spectra presented in the literature for similar systems. 
However, an additional feature in the impedance spectrum at so called 'ultra low 
frequencies' (ULF) was fitted as presented earlier, e.g. in Figure 8.16 and Figure 
8.18. The origin of the 'feature' at ULF remains an open question, in that it is not 
observed for similar systems in the literature. However the fact remains that in some 
cases fitting the electrode response with three RQ pairs in series as opposed to what 
appears to be two, improved the quality of fitting by more than 10%, which is often 
indicative of another process [216]. This was particularly true for the cathode with 
largest area (cathode 4) and generally at higher temperatures (500°C). In fact, it 
should be noted that the additional RQ pair at ULF only improved the fitting at the 
maximum temperature of 500°C in the case of cathodes 5 and 6. Below 500°C only 
peak frequencies at MF and LF were seen. The disadvantage of EIS is that it may be 
possible to mathematically fit more than one equivalent circuit arrangement to the 
same impedance arcs i.e. equivalent circuits are not unique. Therefore, two cases 
were considered for the fitting of the electrode response as summarised below: 
(i) 3-arc fit: A single impedance arc is fitted at MF. Fitting 2 impedance arcs at LF 
and ULF over the dominant depressed arc (where the fitting is improved) yields 
only a 10% difference in EA for the ASR of the LF feature compared with 
literature values for the dominant arc. However, the absolute values of ASR are 
reduced by an order of magnitude. A correlation between the ASR and the LSCF 
surface area is also observed. However, the physical origin of the additional 
contribution at ULF is unknown. In addition this fit is limited to the data 
collected between 400°C and 500°C, mostly for cathode 4. The resulting feature 
fitted at ULF is close to or below the measuring limit of 0.01 Hz. This increases 
the uncertainty of the ASR associated with the ULF feature, which is manifested 
in the larger scatter of data for cathode 4 in Figure 8.23. 
(ii) 2-arc fit: A single impedance arc is also fitted at MF and remains unchanged. 
Typical models in the literature for similar systems fit a single arc over the 
dominant depressed arc at LF. However such fitting in this work led to a 
reduction in fitting quality, but maintained <10% fitting errors. In this case the 
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EA for the ASR of the LF dominant feature is reduced by 65% compared to the 
literature, with less correlation of the ASR with the LSCF surface area. 
3-Arc Fit 
The impedance as a function of reciprocal temperature, fitted at LF is shown in 
Figure 8.23. It is clear that the ASR is considerably greater than the MF features 
shown in Figure 8.22. Since the LSCF shows little porosity, Warburg-type 
behaviour is not observed, as expected. Likewise, a limitation in oxygen reduction 
kinetics due to solid state diffusion of oxygen is not expected at temperatures 
>417°C due to the electrode geometry (thickness), based on data for D* and k* in the 
literature and will be discussed later. Bulk diffusion of oxygen ions above this 
temperature is expected to remain facile compared to the oxygen surface exchange 
reaction. An area dependence on the ASR exists, indicating that the resistance 
associated with ionic conduction through the LSCF bulk can be assumed negligible. 
The LF impedance arc is therefore due to the oxygen surface exchange reaction, RLF. 
The measured data in Figure 8.23 is in good agreement with extrapolated literature 
values of RLF with average EA = 1.17 ± 0.5 eV compared to 1.1 eV and 1.3 eV from 
[215] and [65], respectively. However, the absolute ASR values are an order of 
magnitude less than the extrapolated values of LSCF prepared by PLD by Baumann 
et al. [65]. 
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Figure 8.23: Arrhenius plot of RLF for cathodes 4, 5 and 6 with the corresponding EA values shown. 
Data from Baumann et al. [65], and Xiong et al. [215] is shown for comparison. Circled data points 
correspond to values of RLF determined by fitting the electrode response at MF, LF and ULF. 
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Sensitivity to oxygen partial pressure should therefore be expected of RLF, however 
this may have been masked by the degradation seen earlier in 8.3.2.2. Identifying the 
LF feature with the surface exchange reaction also implies that the electrode 
polarisation is more dependent on the LSCF area than the LSCF thickness at these 
temperatures. Prestat et al. [68, 81] investigated the oxygen reduction kinetics of 3 
mm x 3 mm nominally dense La0.52Sr0.48C00.18Fe0.8203.5 cathodes between 16 and 
766 nm thick on CGO substrates operated between 500°C and 750°C. At 500°C a 
quasi-linear dependence between the electrode polarisation resistance and film 
thickness was observed, with a deviation from the semicircular impedance arcs seen 
in this study. The authors used a combination of experiments and simulations of 
faradaic impedance to conclude that the oxygen reduction reaction is kinetically 
limited by the transport of oxygen from the gas phase to the LSCF/CGO interface via 
adsorption, incorporation and bulk diffusion steps, with facile charge transfer. 
However, the oxygen surface exchange reaction consists of several steps and it is not 
possible to identify any one limiting step in this thesis. 
The capacitances associated with the LF feature (Figure 8.24) are of the order 10-2 
Fcm-2 and consistent with a chemical capacitance, Cchem, which is related to the 
change in oxygen content in the bulk and described as a capacitive process [217]. 
The absolute values are also larger than the typical values of approximately 104 F 
due to electrode reactions [167]. In addition to this, negative activation energy is 
observed i.e. the capacitance increases with temperature. A reduced (average) EA of 
-0.20 ± 0.1 eV in this work with Co/Fe ratio 0.2:0.8 compared to EA = -0.3 eV with 
the Co/Fe ratio 0.8:0.2 [65] is reasonable given that the latter composition has a 
higher bulk ionic conductivity. For a variation in oxygen partial pressure, an 
increase in Cchem is described as an increase of the "readiness" of the material to 
undergo stoichiometric changes [65, 217]. Such variation in oxygen partial pressure 
can arise due to the potential variation applied in AC impedance experiments [65]. 
Since the thickness of all three cathodes is constant one expects similar capacitance 
values, which is displayed by cathodes 4 and 6 but cathode 5 shows a larger 
capacitance and greater temperature dependence. This is indicative of increased 
activity from the bulk and a larger change in oxygen non-stoichiometry with 
temperature, which also depends on A- and B-site doping levels and generally 
increases with Sr and Co content [218]. However, no apparent difference in 
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composition exists close to the surface and all films were deposited under the same 
conditions. One may speculate that impurities may diffuse into the bulk, affecting 
ionic conduction in an unknown way. It is known that a 'crust' possibly consisting 
of photoresist, LSCF and YSZ often remains at the patterned stripe edges. However, 
it cannot be explained why such behaviour should only be observed for a single 
sample. 
T [°C] 
800 750 700 650 600 550 500 	450 
	
400 
	
350 
Figure 8.24: Arrhenius plot of chemical capacitance, Cche„, for half cells with 
working electrodes/cathodes 4, 5 and 6 with corresponding EA values shown, along 
with literature data for comparison [65]. 
The peak frequencies, cop increase with cathode area (see Figure 8.25). This is due to 
the relatively large difference in RLF between the cathodes; the electrode process is 
slower for patterned cathodes of smaller active area since there are fewer reaction 
sites for oxygen surface exchange to take place. 
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Figure 8.25: Peak frequencies of the LF response as a function of reciprocal 
temperature for cathodes of varied LSCF area between 350 and 500°C. 
A third response at ultra low frequencies (ULF) was fitted to the experimental data 
where significant improvement to the quality of the fit was achieved. The ASR 
(Rum) over a limited temperature range is shown in Figure 8.26 for cathode 4 (with 
the largest LSCF area). A third response was only fitted at 500°C for cathodes 5 and 
6. RuLF is less temperature dependent compared to values of RIF determined both in 
this study and the literature; however the absolute values are in the range of 
extrapolated RLF values seen in the literature. One may postulate that the response 
may be due to the very slow gas phase diffusion of oxygen at the Au/LSCF interface 
where void defects are present and this shifts to frequencies outside of the measuring 
range as the temperature is decreased. However, the effect of LSCF area on this 
feature cannot be determined due to insufficient data for cathodes 5 and 6. 
The temperature dependence of the capacitance associated with the ULF feature 
showed large scattering in data points and little information can be deduced with this 
limited data alone. Therefore, no further investigation into the ULF feature was 
made. 
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Figure 8.26: ASR corresponding to the fitted ULF feature for half cells with working 
electrodes/cathodes 4, 5 and 6. ASR values at LF are shown from Baumann et al. 
[65], and Xiong et al. [215] for comparison. 
2-Arc Fit 
The MF response identified with an interfacial resistance, RAff . is unchanged in the 
case of using only two RQ equivalent circuit elements to model the total electrode 
response. The effect of fitting the dominant resistive LF feature (attributed to the 
oxygen surface exchange reaction, Ru') using a single arc i.e. single RQ element now 
significantly reduces the average EA from 1.17 eV to 0.85 eV, well below values 
reported in the literature. A similar correlation of LSCF area with ASR is observed 
(Figure 8.27) as presented for Rte- in the 3-arc fit (refer back to Figure 8.23). 
The activation energy of the associated Cch,,,, values are reduced by 10% compared to 
the 3-arc fit, but there is much closer agreement between the samples; particularly 
between cathode 4 and 6 where the equation of best-fit lines are very close (Figure 
8.28). This is closer to the ideal, that there should be little difference in Cchem if the 
transport properties of the materials are similar. 
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Figure 8.27: Temperature dependence of RLF fitted using a single RQ pair with 
literature data from Baumann et al. [651 and Xiong et al. [2151 shown for comparison. 
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Figure 8.28: Temperature dependence of Cche„, fitted using a single RQ pair with 
literature data from Baumann et al. [651 shown for comparison. 
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Identifying the dominant impedance arc with a single process offers a more complete 
physical interpretation of the model but shows less correlation with EA in the 
literature; however absolute values of RLF are in good agreement. Identifying the 
same (depressed) arc with two processes at LF and ULF resulted in similar EA values 
compared to that reported in the literature for RLF. A full physical interpretation 
based on the 3-arc fit cannot be given. This is especially true since the absolute 
values of RLF are much smaller than extrapolated literature values. 
A summary of resistive and capacitive quantities and associated activation energies 
as determined via equivalent circuit fitting of data measured using AC EIS is shown 
in Table 8.3. 
Equivalent 
circuit element Physical interpretation 
'Area specific value 
(at 500°C): 
3-arc/2-arc fit 
3Average activation 
energy (eV) 
3-arc/2-arc fit 
RHF  
RLF 
RULF 
CAN  
Cchem 
CULF 
Ram 7.1 
YSZ electrolyte (02  
conductivity). 
LSCF/YSZ interfacial 
resistance due to ion transfer. 
Oxygen surface exchange 
reaction resistance at LSCF 
surface. 
? 
LSCF/YSZ interfacial 
capacitance. 
`Chemical' capacitance of 
LSCF electrode bulk due to 
variation in oxygen 
stoichiometry. 
? 
257.4 ± 0.2 SI 
± 0.2 ncm2 
18 ± 1 acm2 / 
188 ± 4 C/cm2 
162 + 2 S2cm2 
4.3 ± 0.3 x10-5 Fcm-2 
1.4 ± 0.2 x 10-2 Fcm-2/ 
1.1 ± 0.1 x10-2 Fern-2 
1.4 ± 0.1 x 10-2 Fcm-2 
0.96 ± 0.08 
1.11 ± 0.06 
1.17±0.5 / 
0.85 ± 0.1 
0.55 ± 0.01 
0.03 ± 0.2 
-0.20 ± 0.1 / 
-0.18 ± 0.1 
0.03 ± 0.3 
Table 8.3: Summary of separate resistive and capacitive values measured at 500°C, fitted using the 
equivalent circuit in Figure 8.6. Activation energies are shown for each component. 'Based on cathode 4. 
2For 21 x 21mm YSZ substrate. 3Based on cathodes 4, 5 and 6 (except for RULE and CuLF, due to 
insufficient number of data points for cathodes 5 and 6). 
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The relationship between the performances (ASR) of the patterned LSCF cathodes as 
a function of the active/exposed LSCF area is shown for temperatures between 350 
and 500°C in Figure 8.29. As the temperature is decreased the relationship becomes 
more non-linear. There is a greater difference in performance between the cathode 
with largest area (cathode 4) compared to that with the smallest area (cathode 6) at 
lower temperatures than at higher temperatures. The ASR associated with cathode 4 
is 15 times less than cathode 6 at —500°C, whereas it is 100 times less at —350°C. 
This result is shown in Figure 8.30, where the relative percentage difference in ASR 
(defined by Equation 8.6) between cathodes 4 and 6, with the largest difference in 
area, is plotted as a function of temperature. The oxygen reduction reaction remains 
dependent on the LSCF surface area at temperatures as low as 350°C. In addition, 
the ASR dependence on LSCF surface area increases as the temperature is decreased. 
This is in contrast to the expectation that the ASR would become similar at lower 
temperatures if /TpB became increasingly active. 
1.E+07 
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A SRCathocle6 
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Figure 8.29: ASR as a function of LSCF active area i.e. LSCF-gas interfacial area, 
between 345 and 503 ± 1°C. 
- 184 - 
A
SR
/A
ct
iv
e  
L
SC
F 
A
r e
a  
[1
1c
m
2/
cm
21
  
Electrochemical Performance of Patterned LSCF Thin Film Cathodes 
R
el
at
iv
e  
%
 D
iff
er
en
ce
  
100 	 
99 - 
98 - 
97 - 
96 - 
95 - 
94 - 
93 - 
92 - 
91 - 
90 
300 	 350 
	
400 
	
450 
	 500 	 550 
Temperature rC1 
Figure 8.30: Relative percentage difference in ASR between cathodes 4 and 6 as a 
function of temperature. 
Based on oxygen diffusion and oxygen surface exchange data obtained by Benson et 
al. [207] by isotope exchange depth profiling (IEDP) techniques, it is possible to 
predict the characteristic temperature at which oxygen transport will be limited by 
bulk diffusion or by surface exchange, for the film thickness 290 nm used in this 
study. It is interesting that D* and k* are almost parallel (equal EA) above —600°C in 
the study by Benson et al. [207] but below this temperature there is a decrease in 
activation energy of k*, which is attributed to a possible change in mechanism. 
Using the data obtained by Benson et al. for D* and k* for T<600°C, the 
characteristic thickness, Lc = D*/k* was calculated as a function of temperature, T. 
Finally, it was calculated that Lc > 290 nm for T > 417°C. For the thickness used in 
this study and for diffusion and exchange data obtained by tracer experiments by 
Benson et al. in [207], bulk diffusion is expected to become rate limiting below 
417°C. 
However, as previously stated, a dependence of R1  on LSCF area is still displayed 
below 417°C, indicating facile bulk ionic conduction. The oxygen surface exchange 
rate constant from tracer experiments, k* and the oxygen surface exchange rate from 
electrical experiments, k' may be similar for some MIEC perovskite materials [31, 
- 185 - 
O
xy
ge
n  
su
rf
ac
e  e
xc
ha
ng
e  r
at
e,
  k
 [  
I 	 I 	 I 
• k from this work (cathode 4) 
lc* (Benson et al.) 
10'- 
- -0.62 0.08 eV 
A 
10 9 	 - -0.76 0.07 eV 
A 
10 10 
10.8  
10 9 
10 10 
10 
Chapter 8 
94]. To investigate this, k' was calculated using the AC EIS results in this study 
(based on cathode 4) by applying Equation 2.3. Values of le are compared with k*  
determined from IEDP techniques as a function of T in [207] and shown in Figure 
8.31. Note, a value of co = 5.2 x1022 CM-3 was used, assuming 3 oxygen atoms per 
unit cell and a pseudo-cubic lattice constant of 3.87x10-8 cm [219] for 
La0.6Sr0.4C00.2Fe0.803-6. 
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Figure 8.31: Comparison between k calculated from RLF obtained via AC 
electrochemical impedance spectroscopy and k* determined from isotope exchange 
depth profiling experiments (P0  = 1000 mbar) [207]. 
Values of the oxygen surface exchange rate determined via an electrical method in 
this work are in good agreement with those determined via 'tracer' experiments on 
bulk LSCF of the same composition in [207], in slightly different P0  . However, kg 
is an order of magnitude less compared to the LSCF thin films (86-766 nm) 
determined by Prestat et al. in [68]. The associated activation energies are also in 
very good agreement with those determined by Benson et al. within the specified 
error of 0.07-0.08 eV and indicate a similar oxygen transport process within the 
temperature range. This is particularly relevant since the (reduced) low temperature 
dependence of k" reported in [207] is confirmed in this study. This illustrates the 
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suitability of using thin film gwd cathodes to yield information regarding the surface 
exchange coefficient, kg. However, the p02 dependence of kg cannot be inferred 
from this work over this temperature range but a stronger P02 dependence on k* is 
reported [95, 207] for bulk LSCF of the same composition at 400°C compared to at 
800°C. In addition, a higher surface exchange rate is expected in the case of Benson 
et al. due to the higher 1302 used [207]. Future investigations to determine k as a 
function of p02 via electrochemical experiments will enable a direct comparison to 
be made. 
Since the main resistive process determined in this study arises due to the oxygen 
surface exchange reaction at temperatures as low as 350°C, the LSCF surface is 
highly sensitive to impurities resulting from the fabrication process. 	The 
incorporation of oxygen into the first atomic layer is likely to be impeded by such 
impurities and the reduced activation energies and degradation observed in this study 
are likely a result of surface-level impurities. The simple view is that kg only 
depends on temperature. However, kg is influenced by many parameters; particularly 
the surface composition and differences between actual area and geometric area due 
to the microstructure e.g. a surface roughness effect. This adds uncertainly to 
measurements of kg (including in tracer exchange experiments). However, Dq is 
more certain because it is a bulk property. 
Future work therefore should entail an investigation of the LSCF surface layer in the 
as-deposited and as-fabricated state utilising techniques such as time of flight 
secondary ion mass spectroscopy (TOF-SIMS) and low energy ion scattering (LEIS). 
The degradation of cathode materials containing Sr is of particular interest [220, 221] 
since a reduction in Sr content is correlated with a reduced electrochemical 
performance [220]. 
As mentioned, kg is found to limit the oxygen reduction process between 350 and 
550°C in this work and it is beneficial to increase the surface area by using a porous 
structure. In this case the ALS model discussed in Chapter 2 (governed by Equation 
2.2 and shown again in Equation 8.7) can be applied to estimate the internal surface 
area required of a porous La06Sr0.4C00.2Fe0.803_8 cathode of typical footprint 1 cm x 
1 cm and 1µm thickness to achieve an acceptably low ASR of 0.5 Qcm2 at 500°C, 
assuming similar exchange kinetics deduced in this work. Estimates of porosity and 
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tortuosity are s = 0.4 (40%) and r = 1.5, respectively, a value of the Bardeen-Herring 
correlation factor, f = 0.69 is assumed for perovskite-type oxides [207, 222], k" k* = 
1.12x10-8 cms-1 and D* = 8.86 x10-12 CM2S-1 (from [207]). A total internal surface 
area of 68.4 x103 cm2 (i.e. internal surface area/volume ratio, a-109 cm-i) is required 
of the porous structure of the aforementioned dimensions to achieve an ASR of 0.5 
ncm2 at 500°C. Such a large internal surface area cannot be attained from porous 
cathodes of this thickness. For a realistic internal surface area of 1.2 cm2 (with a 
volume of 6x10-5 cm3 for E = 0.4 such that a=20,000 cm-1), the required k* is 6.4x10-
4 CMS-1, some 4 orders of magnitude greater than currently achieved. Therefore, from 
the perspective of increasing the cathode internal area, a thick porous cathode with 
grains as small as possible is required. 
Rchem 
(2RFT2  
2 
(1 — 0—D*  co k *  
Equation 8.7 
If trpg was found to be significant in this study, then a composite cathode would be 
the design solution for low temperature operation, but this is not the case. 
8.3.2.4 'Identically' Patterned Au-capped LSCF of Varied LSCF 
Thickness 
As discussed in 6.4.3 the objective of this particular experiment is to investigate the 
influence of the vertical sidewalls on electrochemical reactions in patterned electrode 
studies, by blocking oxygen access to the electrode surfaces parallel to the substrate 
using an Au 'cap'. Therefore, only the patterned electrode sidewall surface area is 
active towards oxygen surface exchange. Fixing 17pB for each electrode allows for an 
extended investigation into the role of TPBs and surface diffusion. The restricted 
oxygen access to the LSCF surface may make reactions directly at TPBs more 
favourable (particularly at low temperatures e.g. -350°C when bulk diffusion is 
slower) and/or incorporate a surface diffusion process along the sidewalls to TPBs, 
thus changing the dominant oxygen reduction pathway from the bulk transport 
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process. This is particularly important since /TpB - 102 m/cm2 for typical 
conventional porous electrodes compared to the maximum /TpB = 3.458 m/cm2 in this 
thesis. The intention is to determine whether or not a surface process prevails if the 
total surface area provides insufficient reaction sites, given the surface exchange 
kinetics determined in section 8.3.2.3. This may indicate the limiting size of porous 
cathodes for g-SOFCs. Thus one objective is to determine whether or not there is a 
characteristic arealTpB ratio at which the mechanism changes. However, as-
fabricated cathodes were less than ideal for the proposed investigation. 
The SEM images of the as-fabricated side walls in Figure 6.11 (see Chapter 6) were 
obtained by tilting the specimen and indicated no significant flaws. However, post 
EIS, FIB-sectioning (only possible after testing due to its destructive nature) revealed 
that the true edge profiles of the cathode stripes differed between all three cathodes 
(7-9), which ultimately resulted in unsuitable structures for this investigation. 
Information regarding the reaction kinetics cannot be accurately inferred from the 
EIS measurements. As a result, the EIS results are discussed with respect to the non-
ideal electrode structures described below. 
The FIB images in Figure 8.32 show typical stripe-edge profiles for cathodes 7 to 9. 
The thickest cathode (7) in Figure 8.32 (a) was not completely etched at the stripe 
edge. The stripe-edge profile exhibits a step, extending 2.5 pm away from the stripe 
edge and up to 220 nm in thickness. The majority of LSCF was etched away 
between stripes except at the stripe edges. The unetched regions consequently 
increase each stripe width by 5 gm, increasing the effective LSCF area by an 
estimated 0.02 cm2 from the ideal total area of 0.003 cm2. The process leading to 
this step-like structure was discussed previously in section 6.6.2. 
The Au cap covers each LSCF stripe (within <50 nm or so of the stripe edge) for 
each cathode shown in Figure 8.32 (a-c). However, in the case of cathode 9 (with the 
thinnest LSCF electrode thickness of 125 nm) the Au edge is delaminated and the 
entire sidewall is coated with a 'crust-like' material (see Figure 8.32 (c-d)). A 
similar effect was discussed in section 6.6.2 where material remained at the LSCF 
stripe edge (as in the case of cathode 8 in Figure 8.32 (b)) but did not cover the 
sidewall. This was attributed to remaining photoresist and/or LSCF/YSZ re-
deposited during the Ar+ etching process. 
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The YSZ substrate was over-etched by approximately 35 nm in the case of cathode 9 
(see Figure 8.32 (c)). During the Ar+ etching process, YSZ, LSCF and photoresist is 
sputtered away, depositing material ejected at shallow angles (close to the stripe 
edge) on the sidewalls (see Figure 8.33). Over-etching may have occurred due to an 
increased etch rate in sub 100 nm films with a 'granular' microstructure as opposed 
to the columnar microstructure observed for films exceeding 100 nm in thickness 
(refer back to section 5.2.1), i.e. cathodes 7 and 8 in this case. After etching through 
regions of unprotected LSCF, the YSZ substrate is exposed. Therefore, the 
outermost layer of the 'crust' is likely to be electronically insulating YSZ. With the 
Au cap covering the LSCF surface and the crust covering the side wall, no active 
LSCF area remains for efficient oxygen surface exchange to take place. 
Cathode 7 
	
Cathode 8 
Cathode 9 
Figure 8.32: FIB images (SEM mode) showing the patterned LSCF stripe edge profiles of cathode 7 (470 
nm thick) (a), cathode 8 (290 nm thick) (b) and cathode 9 (125 nm thick) (c). A 'crust-like' material along 
surface edges of patterned stripes can be seen for cathode 8 in (b); whereas the crust exists on the sidewall 
and surface of patterned stripes belonging to cathode 9 (d). A step-like edge profile is evident in (a) 
extending up to 2.5 pm from the stripe edge, whereas over etching of the YSZ substrate to a depth of 
approximately 35 nm is indicated in (c). In all cases, voids (-- 50 nm) at the Au/LSCF interface are present. 
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Figure 8.33: Schematic diagram illustrating how Ar+ ions used in the 
sputter etch process may eject material at shallow angles onto LSCF 
sidewalls. 
Figure 8.34 shows the impedance spectra for cathodes 7-9 at 500°C. Again, three 
main features are exhibited at HF, MF and LF with no features at ULF's. The HF 
response is very similar to that of cathodes 4-6 used previously (only partially 
covered by Au) in section 8.3.2.3 and is attributed to the ionic conductivity of the 
YSZ electrolyte. The MF responses are again similar between all three cathodes and 
are shown in the Arrhenius plot of Figure 8.35. In fact, there is excellent agreement 
with the interfacial resistance, &tip' features presented in literature and absolute 
values are consistent with those measured for cathodes 4-6 in the section 8.3.2.3. 
The average EA of 1.34 ± 0.1 eV is in excellent agreement with the 1.34 eV 
determined by Xiong et al. [215]. 
A clear difference in the ASR associated with the LF features between each cathode 
exists, which was previously assigned to the resistance of the oxygen surface 
exchange reaction. The ASR increases with the LSCF film thickness and the cathode 
with smallest thickness (which was shown to have a crust-like layer of material 
blocking the sidewalls) has an almost vertical spike in Figure 8.34. The behaviour is 
similar to what might be expected in the absence of LSCF, where only an oxygen 
blocking Au electrode on YSZ is present; with charge build up at the YSZ/electrode 
interface [167, 216]. 
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Figure 8.34: Partial impedance spectra for cathodes 7-9 of different thickness 
but equal krpg and interfacial area, measured at 500°C. The equivalent circuit 
fit is represented by solid lines. MF and LF arc peak frequencies are shown 
although the full frequency range is not shown for clarity. 
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Figure 8.35: Arrhenius plot of the MF responses of cathodes 7-9 with average 
activation energy, EA = 1.34 ± 0.1 eV with literature data shown for comparison 
from Baumann et al. [65] and Xiong et al. [215]. 
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An assignment of the LF feature to the surface exchange process is consistent with 
the very large resistance exhibited by cathode 9 since very little LSCF area is 
available for the reaction, but the corresponding EA is >40% less than the literature 
values. However, the ASR of the LF features belonging to cathodes 8 and 7 is 2 to 3 
orders of magnitude less, respectively as shown in the Arrhenius plot presented in 
Figure 8.36. 
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Figure 8.36: Arrhenius plot of the LF features of cathodes 7-9 with average 
activation energy, EA = 1.07 ± 0.08 eV with literature data shown for 
comparison from Baumann et al. [65] and Xiong et al. [215]. 
The large difference in ASR in the case of cathode 7 is likely due to the additional 
active LSCF surface area resulting from the incomplete etching of the stripes. 
However, even accounting for the increased area, the ASR remains the lowest of any 
electrode tested in the thesis! This is a very peculiar result that indicates the active 
area is even larger. Three possible reasons for this result are given: 
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(i) The area may be increased if LSCF remains between the stripes as a result of 
incomplete etching. The high resolution images shown in Figure 8.32 (a) 
indicates that this is unlikely, but a thin layer only a few nm is outside of the 
resolution limit of the detector and would reduce the ASR. 
(ii) The additional active LSCF area at each stripe edge (for cathode 7) exists 
over a very small thickness range as previously stated. Prestat et al. [68, 81] 
report that the reaction kinetics of ultrathin (<60 nm thick) LSCF films grown 
by PLD is slightly modified and deduced a small increase in the oxygen 
surface exchange rate, le and an increase in oxygen diffusivity, D by an order 
of magnitude. However, this is reported at 600°C. Therefore, an increase in 
transport kinetics over the temperature range of this study is likely to result in 
a reduced ASR. In addition, a dual-growth mode of LSCF is exhibited in 
films grown by PLD in this study (see section 5.2.1, Chapter 5). The 
thickness of the additional active area (or 'step', as previously defined) at the 
stripe edge is non-uniform and falls below the thickness of approximately 100 
nm, where a 'granular-like' layer-by-layer growth is observed compared to 
the columnar growth exhibited above this thickness. It is possible that the 
transport kinetics differ due to differences in microstructure, which is 
consistent with the findings of Prestat et al. [68]. 
(iii) The surface of the additional active area at each stripe edge is modified from 
the deposited state since it has undergone sputtering by Art. It is possible 
that the thin layers have considerably roughened surfaces which increase the 
total surface area available for oxygen surface exchange to take place. This is 
shown schematically in Figure 8.37. 
However, cathode 8 shows a nearly ideal edge profile in cross-section (Figure 8.32 
(b)) but also shows an ASR (at low frequencies) too small based on the geometrical 
area. At present no explanation for this can be provided but the LF feature could 
only be fitted between 425 and 500°C since peak frequencies shifted to values 
outside of the measuring range, indicating a long relaxation time. EIS measurements 
on cathodes 4-6 (with larger LSCF area) presented in section 8.3.2.3 suggest that the 
LF feature is associated with the surface reaction and is therefore surface area 
dependent. If a surface diffusion process were to dominate, then 1TPB would become 
significant. Since trpB is similar for each cathode, an increased surface diffusion 
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length, h would increase the ASR (depicted in Figure 8.38). On the contrary, 
cathode 7, with the largest thickness (and additional LSCF surface area) displayed 
the smallest ASR. Reaction at TPBs is not expected to be associated with the LF 
feature; however this cannot be determined from the electrochemical measurements. 
02 
Roughened LSCF 
surfaces 
YSZ 
LSCF 
dip Au 
Figure 8.37: Schematic illustration of an Au-capped LSCF stripe with a step-like edge profile. 
Oxygen surface exchange at position (i) occurs at a region of reduced LSCF thickness, where the 
bulk diffusion length is shorter compared to at position (ii). 
1<-
4,  
hj  
YSZ 
\\. 	LSCF 
Au 
Figure 8.38: Schematic illustration of three ideal Au-capped LSCF stripes with constant 
stripe width, w and variable thickness h, where hi<h2<h3. 
Imposing restrictions on oxygen transport by modification of the cathode geometry 
in this experiment, along with the small differences in design between cathodes 7-9, 
leads to the probing of small changes in electrochemical performance. However, this 
increases the sensitivity to other factors that might affect the electrochemical 
performance. In particular, differences in oxygen surface exchange and bulk 
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diffusion of oxygen ions may arise due to variation in the film microstructure arising 
from the film growth and patterning process. There are other factors affecting 
oxygen reduction at the patterned thin film cathodes that are negligible or non 
existent in the case of bulk cathodes. Although cathodes were nominally patterned 
using similar processes, the number of steps involved in the fabrication process 
increases the possibility that the underlying material properties of the patterned 
LSCF cathodes may be affected by the addition of impurities. At present, an 
acceptable tolerance level to impurities, beyond which the electrochemical processes 
of LSCF thin films is severely affected, is unknown. In addition to this, even minor 
changes in the working environment during processing can affect the resulting 
patterned structures. 
As a result, it is not possible to draw conclusions on the reaction kinetics of Au 
capped patterned LSCF cathodes since the patterned structures differ from the ideal 
case and from each other, disabling a direct comparison to be made. Interestingly, 
considerable electrode activity is evident considering the constraints on the electrode 
geometry, but the origin of this cannot be determined without uncertainty. However, 
some important conclusions with regards to the fabrication can be made. In order to 
avoid over-etching of the YSZ substrate, it is essential to accurately determine the 
LSCF etch rate for LSCF films of different thicknesses. Future investigations should 
involve a determination of the Ar+ etch rate for films <100 nm thick where a dense 
microstructure is observed. The current etch rate was determined by partially etching 
in the thickness range where a columnar microstructure (above the 100 nm thick 
dense layer) existed. However, some over etching was required in order to achieve 
the near-vertical edge profile of the patterned stripes. Etching through both Au and 
LSCF in a single etching cycle using a common photoresist mask pattern was 
adopted in order to avoid the misalignment problems resulting from two separate 
lithography processes. Such prolonged etching is not desirable since the photoresist 
erodes and is re-deposited (along with LSCF, Au and YSZ) on the LSCF structure. 
The re-deposited material hardens to form a crust and cannot be removed. 
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8.3.2.5 Reduction in Area Specific Resistance After Strong Cathodic 
Bias of La0.6Sr0.4Co0.2Feo 803  
A reduction in ASR of the La0.6Sr0.4Co0.2Fe0.803_6 electrode response associated with 
the oxygen surface exchange process, RIF was observed after biasing at 0.7 V for 40 
minutes at 500°C, compared to the ASR of the unbiased electrode at 550°C. The 
temperature was increased to 550°C again and re-measured for comparison under no 
bias (see Figure 8.39). Note biasing of cathode 1 was performed after the DC 
measurements presented in section 8.3.1 were taken and showed a 94% reduction in 
ASR. The reduced ASR (or 'activated' state) remained for several hours after the 
bias was removed and subsequent measurements at lower temperatures were also 
considerably lower and showed the same temperature dependence (Figure 8.40). A 
return to the unbiased state was not observed in the remainder of the experiment. 
Owing to the reduction in resistance due to the oxygen surface exchange reaction 
there is an effective increase or acceleration in the oxygen surface exchange rate. e 
has increased by an order of magnitude from 2.2x10-8 cms-1 at 550°C to 3.5x 10-7 
cms-1 at the same temperature. 
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Figure 8.39: Impedance spectra comparing impedances of cathode 1 at 550°C before 
biasing, at 10 mV and 30 mV excitation voltages and after biasing at 0.7 V for 40 min. at 
the same temperature. Tabulated ASR and capacitance values are shown inset. 
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Figure 8.40: Arrhenius plot showing RLF as a function of inverse temperature before and 
after biasing compared to unbiased values for RLF reported by Baumann et al. [65] and 
Xiong et al. [215]. 
A reduction in ASR was also observed after polarisation curves were measured up to 
0.5 V, although the effect is less severe. This effect was highlighted in Figure 8.8 
although the origin of the effect only became clear after biasing. The activation 
energy of 1.48 ± 0.01 eV shown in Figure 8.40, calculated for the activated state is 
considerably larger than the average value of 1.17 ± 0.5 eV for R1  in the case of 
unbiased cathodes shown earlier (see Figure 8.23) and considerably less scattering of 
the data points is observed suggesting greater order in the system. 
A very similar effect is reported in [85] where polarisation of order 1 V applied to 
La0.6Sr0.4C008Fe0.203_6 micro cathodes for a few minutes between 600 and 750°C 
resulted in a performance improvement of more than two orders of magnitude. 
Using X-ray photoelectron spectroscopy, the authors concluded that strong short DC 
pulses changes the cation concentrations within the outermost surface layer of the 
cathode. i.e. there is a change in composition close to the cathode surface with a 
depletion of La and an increase in the concentration of Co and Sr [85]. At present it 
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is unclear whether or not such segregation is detrimental to the long term stability of 
the material but it has been suggested that it may be pulsed periodically at 
sufficiently high voltage to reduce the ASR permanently [85]. If the reduced ASR 
were due to a significant change in the bulk oxygen content, a rapid (-4.6 s at 550°C) 
return to equilibrium in oxygen vacancy concentration is expected based on a 
diffusion length equal to the film thickness (290 nm) and extrapolated diffusivity of 
4.5 x 101 cm2s1  from [207]. Since this is not observed and the activated state 
remains for a number of hours after biasing, this cannot be the case. In addition to 
this only a minor decrease in capacitance is observed after the bias is removed as 
shown in Figure 8.39. As expected, there is also no effect on the YSZ electrolyte 
response shown in Figure 8.39. Changes at the LSCF/YSZ interface or at TPBs can 
also be neglected since the oxygen surface exchange reaction was found to be rate 
limiting in this work. Although the exact surface composition was not determined in 
this work the observation of severely reduced RLF using Fe-rich LSCF is consistent 
with that of Co-rich LSCF thin film microelectrodes already documented in the 
literature. No apparent difference in the LSCF microstructure was observed after 
biasing. 
On a slight aside, the amplitude of the excitation voltage was increased from 10 to 30 
mV with no change in the spectra, which was shown to reside in the linear regime of 
the AV-1- curve in Figure 8.3. 
8.3.2.6 De-wetting of Au With Large DC Bias 
Although no significant change in the LSCF microstructure was observed after the 
application of a DC bias, significant void formation in the Au patterned current 
collector was observed. It was shown in Chapter 7 that for the same thickness of Au 
(365 nm) used in EIS experiments, little void formation is expected to occur. In fact, 
void formation was only ever observed in samples subjected to a large potential. 
Figure 8.41 compares the Au stripes of biased and unbiased samples at temperatures 
up to 550°C. Cathode 2 in Figure 8.41 (a) was subjected to atmospheric cycling at 
550°C for over 6 hours. Cathode 3 in Figure 8.41 (b) was subjected to DC 
polarisation measurements at 500°C for —17.5 minutes and held at 550°C during 
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(unbiased) EIS measurements for approximately 1 hour. Clearly, cathode 3, which 
was subjected to DC polarisation, shows significant void formation whereas cathode 
2, which was subjected to a maximum input voltage equal to the excitation amplitude 
of 10 mV shows no surface-level void formation at all despite the prolonged time at 
550°C. In addition, the alignment marks on the YSZ substrate belonging to cathode 
3 showed considerably less (if any) surface-level void formation (see Figure 8.41 
(c)). This is particularly significant since the alignment marks remained electrically 
disconnected and at no stage were subjected to a potential difference. This suggests 
that the void formation is related to the drawing of current, which may act to activate 
the surface self diffusion of Au, which is what drives the de-wetting process. More 
specifically a joule heating process may result in a temperature rise of the Au that 
increases with current density, i [223], however the heat produced is proportional to 
I2R, where I is electrical current and R is resistance. The average i (<20 mAcm-2) for 
cathode 3 is considerably less than the value of i along the Au stripes, which are of 
reduced cross-sectional area. Joule heating is therefore likely to be significant. 
(a) 
	
Unbiased 
	
(b) 
	
Biased 
(c) 
Figure 8.41: SEM images of Au stripes after EIS testing for unbiased cathode 2 (a) and biased cathode 
3 (b) with the alignment mark belonging to cathode 3 shown in (c). See text for explanation. 
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As a precaution, most experiments (particularly involving cathodes 4-9) were 
conducted with zero bias applied and with a maximum temperature of 500°C to 
avoid void formation. 
8.4 Summary 
The oxygen reduction reaction at thin film La0.6 Sr0.4C00.2Fe0.803-45 cathodes was 
investigated using an electrochemical impedance spectroscopic technique to 
determine the resistance of patterned cathodes of different geometries. The influence 
of the Au current-collector could not be deemed negligible since additional Au 
stripes of reduced width acted to increase the overall electrode resistance. As a result 
the oxygen reduction reaction was investigated using a series of cathodes with 
constant LSCF and Au irpg with varying LSCF area as a function of temperature. 
Degradation in the performance of the LSCF electrodes in this study was 
significantly large. Over a single measuring cycle and in a time period of 4 hours, up 
to a 50% increase in ASR was observed after comparing two impedance spectra 
taken at 400°C at different times. Although the underlying reason is not wholly 
understood, it is related to a reduction in the oxygen surface exchange kinetics likely 
due to compositional changes or blocking of active sites by impurities from within 
the film that diffuse to the surface. All experiments were therefore conducted under 
the same time frame to assume the same degradation in performance per sample. 
However the degradation varied between 20% and 50% and is indicative of a varying 
level of impurity content, most likely arising due to the photolithography process. 
Photolithography was not originally developed for use with ceramic oxide films that 
operate at high temperatures with significant surface chemistry processes. 
Maintaining a low impurity level is very important to ensure optimal transport 
kinetics. 
The oxygen surface exchange reaction was determined to be the dominating resistive 
process (RLF) for patterned thin film LSCF cathodes in the study. The lowest total 
ASR measured at 500°C was 195 ± 4 ncm2. RLF decreased with increasing LSCF 
area across the entire temperature range of 350 - 500°C (lower temperatures than 
currently seen in the literature) and showed greater dependence on area at lower 
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temperatures. If oxygen reduction via the surface pathway occurred with the reaction 
at TPBs becoming rate limiting at lower temperatures, one would expect to see (i) 
similar performance (ASR) across the cathodes of varied area in the extreme case 
(low temperature and low bulk diffusivity), since the /TPB were similar or (ii) 
increasing ASR with increasing surface path i.e. line widths. However, neither (i) 
nor (ii) was observed and the reduction in ASR with increasing LSCF surface area is 
related to the increased reaction area for direct oxygen exchange to take place. 
Coupled with the large capacitances associated with the RLF feature this also 
confirmed the bulk pathway to be dominant, rather than the surface pathway. 
It was not possible to infer the reaction kinetics of Au-capped LSCF patterned 
cathodes as intended due to incomparable electrode structures. A non-destructive 
imaging process of the stripe edge did not reveal any major flaws in the structures. 
Post testing, it was revealed that the Au-capped LSCF stripe edge profiles were much 
less than ideal. Over etching resulted in a coating of the entire LSCF sidewall with 
re-deposited YSZ, LSCF and possibly photoresist, which effectively blocked all 
active reaction sites. Under-etching of LSCF resulted in considerably greater active 
area at a fraction of the intended thickness. The respective impedance data indicated 
a very large ASR in the case of the cathode with blocked sidewalls and very small 
ASR in the case of the cathode with additional area. The latter result was quite 
unexpected even accounting for the additional area. A change in the reaction 
kinetics may have occurred due to the varying microstructure. Further work is 
needed to investigate the transport kinetics for LSCF films grown via PLD of 
different thicknesses i.e. above and below the 'characteristic' thickness where the 
growth mode changes from a layer-by-layer to columnar microstructure. In addition 
to this, improved etching control is required to fabricate model structures and 
therefore an investigation into the effect of the change in microstructure on the Ar+ 
sputter rate would be beneficial to the development of model LSCF patterned 
cathodes. 
Finally, the application of a strong cathodic voltage to the LSCF cathodes resulted in 
an accelerated oxygen surface exchange reaction by an order of magnitude at 550°C, 
resulting in an ASR of 23 ± 2 ncm2 at 500°C. 
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Conclusions and Outlook 
The principle aim of this thesis was to investigate the electrochemical process of 
oxygen reduction at Ag and La0.6Sr0.4Coo.2Fe0.803_8 thin film SOFC cathodes (<1 pm 
thick), using geometrically well-defined (gwd) patterned cathode structures. Ag was 
selected for investigation since little is known regarding the oxygen reduction 
reaction mechanism at Ag cathodes between 250 and 550°C. LSCF is a more 
established SOFC cathode material; however in a similar way to Ag the oxygen 
reduction reaction mechanism at temperatures below 550°C is unclear. 
Prior to conducting mechanistic studies using Ag, preliminary experiments showed 
Ag to be thermally unstable over the proposed temperature range of mechanistic 
experiments (250-550°C). The change in the Ag morphology as a result of the 
dewetting process did not facilitate the use of gwd patterned Ag cathodes for 
mechanistic studies. As a result, the thermal stability of Ag was investigated to 
establish a range of Ag thicknesses and operating temperatures, where the material 
remains most thermally stable. 
A reorganisation of Ag was observed, which depended on the thickness, anneal 
temperature and anneal duration. This dewetting process occurred via the surface 
self diffusion of Ag to uncover the substrate and reduce the overall energy of the 
system. Voids (holes) were seen to nucleate at triple point grain junctions in a 
process of thermal grooving and grew until the film resembled a connected network 
structure and finally separated into islands. The total interfacial energy of a metallic 
thin film is reduced by the growth of holes. Some voids were also present at the 
Ag/YSZ interface, however film rupture due to void growth initiating at the Ag/YSZ 
interface was less apparent. In the case of a final equilibrium state consisting of 
isolated metallic islands, the thin film could no longer function as a cathode since a 
conductive pathway no longer existed. Ag islands changed shape until an 
equilibrium geometry was reached that depended on wettability of the islands. The 
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contact angles of such Ag islands were in excess of 90° and indicated non-wetting of 
Ag on single crystal YSZ substrates. 
The uncovered YSZ substrate area was quantified using image analysis techniques 
and the self diffusion of Ag was calculated to be eight orders of magnitude larger 
compared to the bulk volume diffusion of Ag determined in the literature. 
As a result of the investigation, a structure map indicating the Ag morphology as a 
function of the initial film thickness and anneal temperature was produced. Ag films 
greater than 800 nm thick remained continuous for up to 15 hours when annealed 
below 350°C. Therefore, future electrochemical investigations of Ag thin films 
should be conducted below 500°C for as short as possible, with a thickness close to 1 
gm to avoid dewetting. At present, Ag thin films are not recommended for use as t-
SOFC cathodes unless the operating temperature is reduced to 350°C or less. 
Prior to the patterning of LSCF thin films by photolithography and etching, LSCF 
films were deposited by PLD onto single crystal YSZ substrates and characterised. 
As-deposited films were continuous, homogeneous and reproducible with a 
microstructure that varied according to the thickness of the film. Elongated grains 
with large aspect ratios were observed for sub 100 nm thick films. However, LSCF 
films greater than 100 nm thick showed an initially dense layer approximately 100 
nm thick with columnar growth above exhibiting nanoporosity. Further work might 
involve investigating the difference in electrical properties and electrochemical 
behaviour of LSCF films above and below 100 nm thick, where a difference in 
microstructure is observed. In the majority of the mechanistic studies performed in 
this work, the LSCF thickness was greater than 100 nm. 
LSCF thin films were patterned into a series of gwd stripes varying in width and 
separation using photolithography and etching. The patterned LSCF films formed 
working electrodes for electrochemical evaluation to identify the rate limiting step in 
the oxygen reduction reaction process. The working electrode image transfer to the 
photoresist was optimised in an iterative process. LSCF was both wet etched and dry 
etched. Wet etching resulted in undercutting of the thin-film and rough edge 
profiles, which was undesirable for mechanistic experiments. Conversely, dry-
etching resulted in side walls inclined at 75° to the substrate and was the chosen 
method to produce the gwd model cathode structures for electrochemical studies. 
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Au current collectors were patterned centrally along each LSCF stripe to reduce the 
ohmic drop in the LSCF due to low electrical conductivity. The Au stripe widths 
were half the stripe width of the LSCF to allow oxygen access to the LSCF surface. 
Completely covering the LSCF with Au allowed for the possibility of investigating 
oxygen surface diffusion processes at low temperature. However, due to a 
combination of under and over etching, the LSCF sidewalls produced were less than 
ideal and the surface diffusion process could not be investigated. Improved etch 
control is required, along with an investigation of the change in etch rate with the 
LSCF microstructure. 
The electric conductivity of LSCF in this work showed a maximum of 5700 S/m at 
600°C, considerably less than the bulk material reported in the literature. The 
columnar microstructure of the films grown by PLD inhibits in-plane conductivity. 
LSCF thin film structures processed via photolithography and etching exhibited 
degradation of electric conductivity upon thermal cycling, possibly due to carbon 
contamination. However, post experimental characterisation of the films could not 
confirm this. LSCF films deposited through shadow masks showed no similar 
degradation of conductivity. This suggests that the photolithography techniques used 
in this work accelerated the degradation of the conductivity of LSCF. 
The oxygen surface exchange reaction was determined to be the dominating resistive 
process (R1 ) for patterned thin film LSCF cathodes in the study. An ASR of 195 ± 
4 S2cm2 at 500°C was measured. RLF decreased with increasing LSCF area across the 
entire temperature range of 350 - 500°C (lower temperatures than currently seen in 
the literature) with no apparent dependence on the three-phase boundary length, /TP13. 
In fact, an increased LSCF area resulted in a greater difference in ASR at 350°C 
compared to at 500°C. 
However, it was not possible to (directly) determine experimentally whether or not 
an oxygen surface diffusion process at LSCF patterned cathodes occurs at reduced 
temperatures. Less than ideal cathode structures were produced, with the covering of 
LSCF sidewalls (during sputter etching) with material that rendered the surface 
pathway inaccessible to oxygen. Accepted theories of oxygen reduction were 
broadly verified for patterned LSCF cathodes. Suggested future work entails an 
investigation of the ORR at patterned LSCF cathodes with feature sizes of the same 
order as the utilisation length in the case of porous LSCF cathodes, provided the 
- 205 - 
Conclusions and Outlook 
successful fabrication of model cathodes. In this case one may wish to determine 
whether or not the surface pathway remains negligible. 
The influence of the Au current-collector on the electrochemical measurements could 
not be deemed negligible since additional Au stripes of reduced width acted to 
increase the overall electrode resistance. Current constriction at TPBs and the 
reduced electrical conductance along Au stripes due to the geometry are two possible 
reasons for this. Therefore, the oxygen reduction reaction was investigated using a 
series of cathodes with constant LSCF and Au Trpg with varying LSCF area. The 
negative effect of additional Au 1TPB therefore renders this method of current 
collection unsuitable in experiments where a variation in trpB is required. However, 
provided [I'm remains constant, the current collection method adopted in this study 
may be utilised in future mechanistic studies on novel SOFC materials with small 
feature sizes and/or low electric conductivity. 
Microfabricated LSCF electrodes in this study exhibited a significant degradation in 
performance in only a short operating time. The ASR increased by up to 50% over a 
4 hour time period. The degradation is related to a reduction in the oxygen surface 
exchange kinetics, likely due to compositional changes or blocking of active sites by 
impurities from within the film that diffuse to the surface. Since the degradation 
varied between a 20% and 50% increase in ASR, it indicates a varying level of 
impurity content, most likely arising due to the photolithography process. 
Maintaining a low impurity level is very important to ensure that optimum transport 
kinetics are achieved. Future work should entail an investigation of the LSCF 
surface layer in the as-deposited and as-fabricated state. 	A reduction in 
electrochemical performance was associated with microfabrication processing of 
LSCF cathodes in this work. Contamination by carbon-based photoresists, which 
may lead to carbonate-blocking species was the proposed mechanism, which is 
consistent with reports of carbonate-blocking species in the literature [207]. 
However, the degradation of the material due to the reduction in Sr content lost from 
the surface is also possible [220]. Therefore, future work should aim to differentiate 
between degradation mechanisms in processed thin film LSCF cathodes. 
The application of a strong cathodic voltage (0.7 V) to the LSCF cathodes resulted in 
an accelerated oxygen surface exchange reaction by an order of magnitude at 550°C, 
resulting in an ASR of 23 ± 2 S2cm2 at 500°C. Such an improvement in performance 
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is particularly beneficial for 1..t-SOFC cathodes operating at reduced temperatures. 
However, the long term effects of such periodic voltage biasing have not been 
determined and should be investigated in future work. 
In principle, the microfabrication techniques developed in this work may be applied 
to other SOFC materials for patterned electrode studies. However the effect of the 
fabrication method on the material properties and electrochemical processes must be 
assessed prior to electrochemical evaluation. 
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(0 Patterned Ag Electrodes with Screen Printed LSCF-CGO Counter 
Electrode 
Prior to the investigation of patterned LSCF electrodes, the patterning of Ag thin 
films for working electrodes in mechanistic studies was attempted. The CE design 
discussed previously for LSCF electrodes was screen printed on single crystal YSZ 
substrates using an LSCF-CGO (50:50) ink. However, considerable spreading of the 
pattern occurred, resulting in an enlarged CE. Acetone was used to selectively 
remove ink which had spread to undesired areas on the substrate (whilst in the green 
state). The layer was then fired at 1100°C for 2 hours at 2°C/min. 
The other side of the YSZ substrate was coated with 840 nm of Ag via thermal 
evaporation. Prior to this the surfaces were cleaned in successive baths of acetone, 
isopropanol and DI water. Cleaning in more aggressive chemicals may have 
removed the CE on the other side. 
Positive photoresist (S1828) was spun on both sides at 1000 rpm for 40 s with an 
acceleration of 100 rpm/s. The photoresist was baked on a hot plate at 60°C for 2 
minutes, then at 60 to 80°C over a 2 minute period. Finally, the photoresist was 
baked in an oven at 90°C for 5 minutes. A Q-4000 Series Quintel Corporation mask 
aligner was used for the exposure process. Similar mask designs as discussed for 
LSCF electrodes were used, without an additional current collection layer. However, 
alignment was performed by eye due to incompatibility between the vacuum 
attachment plate and the photomask used. This later resulted in a misalignment —5 
times greater (-300 tun) than considered acceptable (see Figure 10. 1). The 
photoresist was exposed for 120 s using a UV source of 8mW/cm2 measured energy. 
The exposed regions were developed in MF-319 developer for 60 s and rinsed in DI 
water and blow dried. 
Pre-etch tests showed an available gold etchant solution to etch too slowly. The 
etchant NH4OH, H202, C2H5OH (1:1:1 of ammonium hydroxide, hydrogen peroxide 
and ethanol) showed an increased etch rate. However, the ethanol in the etchant 
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attacked the photoresist so a solution without ethanol was used. This successfully 
etched coarser Ag features but was too aggressive for 10 tm Ag features (Figure 10. 
2), resulting in considerable over-etching in 20 s. Post-etching the resist was 
dissolved away in acetone and the samples rinsed in DI water. 
Figure 10. 1: Optical microscope image of the misalignment of the Ag WE and LSCF-CGO 
CE, imaged through the transparent YSZ electrolyte. 
Over etched 
Ag stripe 
(remnants) 
CE imaged 
through YSZ 
 
Ag WE 
frame 
  
Figure 10. 2: Optical microscope image of over-etched (10 gm wide) Ag stripes. Only the 
connection to the outer Ag frame remains. 
In summary, it is possible to pattern the Ag stripes but the wet-etching process 
requires fine tuning. The Ag did not detach from the substrate at any stage during 
the process. 
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(ii) Image Analysis 
An image analysis process was utilised to systematically characterise the 
morphology of annealed Ag thin films. Depending on the size of the features of 
interest, different fields of view in SEM images were used to maintain adequate 
resolution. In general, greater magnification is required for Ag films annealed at 
lower temperatures due to the observation of smaller grain sizes and void diameters, 
which require higher resolution for suitable imaging. The total sampled area of 1500 
gm2 from individual 500 1.1m2 images (taken at different points on the sample 
surface) was representative of the sample since the standard deviation in 
measurements such as grain size and tipB was within 10% of the mean value. The 
uncertainty in the image analysis process was determined by comparing the 
measurements of 10 segmented regions of interest with the original image. The 
uncertainty was assumed constant throughout the image analysis process. The 
largest uncertainty of 13% arose from counting statistics e.g. counting the number of 
grains in a given area. The uncertainties are reflected by vertical error bars in the 
figures presented in Chapter 4. 
The following steps were applied to optimise SEM images and segment regions of 
interest for the automated measurement process. Note: the same process was applied 
to all fields of view. 
(i) Application of a high pass filter in Adobe® Photoshop Elements® 5.0 with a 
consistent radius value of 1.5 pixels applied to a duplicate layer of the image, 
overlaid with the original image to sharpen the edges of grains and voids to 
improve segmentation. 
(ii) Depending on the noise in the image it was 'despeckled' once using Image J 
1.4.1. This process involves the application of a median filter and replaces each 
pixel with the median value in the 3 x 3 vicinity. This also helps to reduce 
differences in colour values for grains differing in orientation. 
(iii) The image was then converted to an 8-bit greyscale image and calibrated using 
the scale bar from the SEM micrograph at a pixel level. 
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(iv) The 'threshold' tool in Image J 1.4.1 was used to segment the image into regions 
of interest (black pixels) e.g. grains or voids, and a background (white pixels). 
(v) If necessary the image was 'despeckled' to enhance the separation of grains/voids, 
however this process may underdetermine feature sizes. In addition to this the 
minimum particle size to be measured was set larger than 0.01 i_tm2, 
corresponding to the largest average group of residual isolated pixels after the 
segmentation process that do not form part of any region of interest. 
(vi) Various measurements such as particle area, particle size (the largest diameter for 
a particle of arbitrary shape), number of particles, perimeter etc. were made using 
Image J 1.4.1, where a particle is a grain, void etc. An SEM micrograph of an 
Ag thin film with numerous voids is superimposed with a segmented image of 
the voids in Figure 10. 3. 
Figure 10. 3: A fit (shown in blue) of voids (YSZ regions) in the annealed Ag film 
produced via image analysis (see text). Note: Image size 80 pm x 80 um. For the 
image shown, trpil is estimated to be 0.2 µm/µm2 with 80 % Ag coverage. 
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(iii) Electrode Alignment Strategy 
An alignment system was adopted with the requirement that the WE and CE should 
be symmetrically positioned on either side of the YSZ electrolyte to within 50 p.m. 
Alignment was carried out before the UV exposure of photoresist using a 
maskaligner. Successful alignment was achieved by aligning the orthogonal edges of 
the square YSZ substrate to a series of square frames, varying in width and 
separation (see Figure 10. 4 (a)) on the photomask. The WE and CE were aligned to 
within 20 pm using a combination of alignment marks consisting of a square frame 
and crosshair on either side of the YSZ substrate (shown schematically in Figure 10. 
4 (b(i)). The WE and current collector (CC) were aligned to within 5 pm in a similar 
way, on the same side of the YSZ substrate (shown schematically in Figure 10. 4 (b 
(ii))). The actual alignment of each WE, CE and CC can be seen in fabricated 
alignment marks in Figure 10. 4 (c & d). The (misaligned) CE in Figure 10. 4 (c) is 
visible through the transparent YSZ substrate via optical microscopy. 
- 212 - 
a 
Alignment lines 
WE 
(Side 1) 
CE 
(Side 2) 
CC 
(Side 1) 
LSCF WE 
alignment CC nhotnresi St  
20µm 
(c) 
LSCF CE 
alignment 
mark 
Appendix 
5 fun 
	 10 pm 
(d) 
Figure 10. 4: The mask alignment lines used to coarsely align the YSZ substrate is shown in (a). Note: 
YSZ was cut with a tolerance of ±0.1 mm. Mask alignment marks used for aligning WE/CE and 
WE/CC are shown in (b (i) & (ii)), respectively. Actual alignment marks from patterned films show a 
WE-CE misalignment of 20 Eim and WE-CC misalignment < 5 pm in (c) and (d), respectively. 
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(iv) The Electrical Potential Drop in LSCF Working Electrodes Due to 
Geometrical Limitations 
As introduced in Chapter 6, COMSOL Multiphysics 3.4 was utilised to model the 
electrical potential in LSCF electrodes of varying stripe widths. The electrostatic DC 
model used essentially calculated the electrical potential at any point on the electrode 
surface for given (assumed constant) input parameters e.g. LSCF thickness, 
electronic conductivity and current density. In general the further away from the 
point of current collection, the greater the potential drop incurred. 
The 3-dimensional DC model consisted of computer-aided design (CAD) LSCF 
electrode structures. An electrical conductivity of 30700 Sin-1 at 600°C [144] for 
LSCF was assumed with and without Au current collection of assumed conductivity 
45.2x106 Sm-1. The YSZ electrolyte was excluded from the model since the aim was 
to investigate electrical potential variation due to the electrode geometry. Hence, the 
model does not take electrochemical reactions into consideration. Therefore an 
assumption was made that the current density is constant throughout the electrode for 
simplicity. In reality, even with a symmetric counter electrode the current density at 
the WE/electrolyte interface is not constant. Boundary conditions were such that the 
inward current flow was modelled to originate from the electrode base (i.e. at the 
`effective' electrode/electrolyte interface) with a continuous current 
collector/electrode interface when Au was applied. The electrical pickup points were 
grounded with all other surfaces assumed insulating to meet current continuity 
conditions. See Figure 10. 5 for an illustration of the boundary conditions with 
respect to the electrode geometry. With an assumed current density of 5 mA/0.758 
cm2 	6.5 mAcm-2 (total current divided by the electrode/YSZ interfacial area), 
electrode thickness of 290 nm and Au thickness of 365 nm, a reduction in the 
potential drop between the furthest working electrode stripe and the electrical pickup 
of over 1600 times results when the current collector is applied (as reported in 
Chapter 6). However, this result is for the electrode with the largest proposed stripe 
width of 330 [an. Without the current collector applied, an electrode with the 
narrowest stripe width proposed (20 pm) increased the potential drop nearly 17 
times. However, the effect of adding the current collector in this case could not be 
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assessed due to a combination of poor quality meshing of the finer structures and 
insufficient computing memory. This was evident even though the symmetry of the 
electrode design only required one quarter of total electrode structure, which saved 
on memory and computation time, but not enough. Since the 20 .tm LSCF stripe 
widths could not be adequately meshed, it is not clear whether or not the sheet 
resistance is unacceptably large for this geometry. 
Boundary Conditions 
I — Inward current flow at YSZILSCF interface. 
II — Continuous current flow across LSCF:Au interface. 
III — Grounded contact pad (surface) i.e. V = 0 (see (a)). 
All other surfaces assumed insulating. 
Figure 10. 5: Schematic representation of patterned LSCF WE with patterned Au current 
collector on top shown in cross-section (a). Au stripes are patterned centrally along each 
stripe with half the LSCF stripe width. A representation of the boundary conditions used in 
the model is shown in (b). Note: a reduced number of electrode stripes are shown in (b) 
compared to (a) for clarity. 
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(v) Offset Impedance in Electrochemical Impedance Spectrum 
Regardless of the electrode geometry, all samples exhibited a high frequency, HF 
(YSZ response) offset in the negative x-axis (Z') direction when measurements were 
made using the 3-electrode set-up (e.g. see inset Figure 8.18). One expects the 
spectra to originate at the origin. An impedance spectra was obtained using a 2-
electrode set-up on a preliminary cell (with 3-electrodes but the reference electrode 
was disconnected i.e. redundant). As shown in Figure 10. 6, the spectra does not 
pass through the origin but is offset in the positive E direction by approximately 45 
ohms, which is comparable to the diameter of the impedance arc for the HF YSZ 
response at the same temperature obtained with other cells in a 3-electrode setup. 
The 3-electrode arrangement does appear to be the root cause of the negative offset 
observed and similar observations are reported in [200, 224]. It is reported by Hsieh 
et al. [224] that differences in the electrolyte response in 3-electrode systems may be 
due to differences in the reference electrode potential, which is affected by the 
separation between the reference and working/counter electrodes and the electrolyte 
thickness. The maximum misalignment in this study was 20 p.m and the reference 
electrode was always a fixed distance from the working electrode. Therefore the 
difference in HF (Z') intercept between samples arises due to slight differences in 
electrode sheet resistance and temperature fluctuations. A constant ohmic drop of 
the electrolyte between the working and reference electrode can be assumed. 
Although working electrode geometries varied between samples, the electrode frame 
remained identical for all electrode designs. Therefore, non-uniform potential drops 
at the electrode edge are assumed equal. 
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